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ABSTRACT 
 
Critical areas in a hospital, such as Intensive Care Units (ICUs) and isolation 
rooms, are designed to strict health standards. More often than not, these areas 
operate continuously to maintain designed indoor conditions in order to ensure the 
safety of patients, making them energy–intensive areas. Several attempts have 
been made to design them to be more energy-efficient. However, cases have 
emerged in hot and humid countries like Malaysia where combination of poor 
design, operation and maintenance practices, exacerbated by the humid outdoor 
conditions especially during night–time, have led to occurrences of mould growth 
in these critical areas. A question arise whether energy–efficient design of a critical 
area can be achieved without incurring a risk of mould growth due to factors like 
moisture transfer, or continuous part–load operation of HVAC systems. The 
objective of research in this thesis is to investigate the trade-off between 
optimizing the building and HVAC systems and minimizing the risk of mould 
growth in hospital buildings located in hot and humid climates. 
The problem formulation is a single zone isolation room with dimensions based 
from a real-life isolation room of a district hospital in Malaysia. The design 
variables, namely HVAC systems and the details of building constructions were 
selected as input files for energy performance evaluation using EnergyPlus. The 
output from the simulation will be compared with the selected existing mould 
growth model during post–processing to determine the optimum solution. 
Simulation and the generation of solutions will be repeated until the most optimum 
solution is achieved. 
A binary-encoded Genetic Algorithm (GA) was used as an approach to the 
minimisation of hospital building energy use. The GA is proven to be effective in 
performing multi-objective optimisation, since the objective functions for this 
research are more than one; namely, the minimum annual energy use in the 
isolation room and the critical indoor surface conditions, such as temperature and 
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relative humidity, below which there would be no mould growth. The research has 
shown that the normal practice of isolation room design for Malaysian hospitals 
does not work in minimising energy use and minimising the risk of mould growth 
and a new design guideline for isolation rooms in Malaysia is recommended.  
The principal originality of the research will be the application of optimisation 
methods to investigate the relationship, or trade-off between energy use and the 
risk of mould growth, particularly for hospital buildings in a hot and humid climate. 
In this respect, the new knowledge will be on the optimisation procedure and 
required modelling/analysis components. This combinatorial approach would serve 
as decision making tool for building and HVAC systems designers in designing 
more energy-efficient overall environment systems in hospitals, with particular 
attention to critical areas that are operating continuously. 
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Chapter 1 
Introduction 
 
In Malaysia, a ten-storey, 704-bed Pandan Hospital in the southern part of 
the Malay Peninsula worth 500 million Malaysian Ringgit (MYR) 
(approximately £74 million) was ordered closed by the Ministry of Health in 
September 25, 2004 when mould species Aspergillus fumigatus and 
Penicillium spp were discovered on the walls of an operating theatre and on 
medical equipment. The closure received wide media coverage and became 
a subject of scrutiny by the Malaysian Anti-Corruption Agency in order to 
determine any irregularity during its construction. Remediation works 
included applying anti-microbial treatment on the affected areas. The hospital 
was re-opened on February 16, 2006.  
No sooner than the first case resolved than another mould-related damage in 
healthcare buildings occurred involving a MYR404 million (approximately£63 
million) Ampang Hospital, which is close to the capital of Kuala Lumpur. It 
started operation in early 2006 and is meant as a referral centre for 
haematology to reduce the patient load on Kuala Lumpur Hospital. However, 
mould growth was detected on the ceilings of the paediatric clinic after one 
year in operation.  A rather simplistic explanation offered by the Minister of 
Health was the clinic is located below the intensive care unit (ICU), where the 
units air-conditioning system for the ICU was set to operate at a temperature 
range of 18°C to 20°C and turned on 24 hours a day. Conversely, the 
paediatric clinic has its air conditioning turned on only eight hours a day. 
The ICU was designed to be operating continuously with the indoor 
conditions (temperature and relative humidity) monitored closely. Conversely, 
the paediatric clinic was not as critical as the ICU or isolation rooms and was 
designed to be operating intermittently.Having a paediatric ward below the 
ICU required that proper insulation materials (such as polyurethane foam) 
and methods be installed to prevent heat and moisture transfer between the 
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two zones. One consequence of not putting proper insulation was that the 
surface temperature of the floor slab became lower than the dew-point of air 
space above the ceiling due to the heat transfer between the two zones, and 
led to condensation of water vapour on the slab. Over time, the condensed 
water vapour was absorbed by the ceiling tiles until they were damp and 
became suitable media for germination of ubiquitous mould spores.  
 
Another explanation given was regarding the air-conditioning system for the 
ICU, operating at the room temperature range of 18°C to 20°C. A point that is 
not directly apparent is the uncertain element of user behaviour and its 
impact on the energy use, as well as the potential of mould growth. It was 
observed that the temperature range was much lower than that 
recommended by health facilities design standards, and there was a 
possibility of user intervention. The implication was the air-conditioning 
operated at higher energy consumption and possibly condensation occurred 
on surfaces over time. 
 
Patient critical areas like the isolation rooms and the ICU are designed to be 
operated continuously with the indoor conditions (temperature and relative 
humidity) monitored closely. Thus, the heating, ventilating, and air 
conditioning (HVAC) systems serving these areas are designed to be 
operated continuously in order to maintain the conditions. The implication is 
that these areas tend to have high HVAC system energy consumption, 
resulting in high carbon emissions from continuous electricity consumption. 
There are many issues that are faced by the building designers, building 
operators, and the end users in ensuring the critical patient areas operate 
according to its design function, and at the same time trying to reduce energy 
consumption which may bring about problems such as mould growth.  
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1.1 Mould Growth, Energy Use, and Building Operation 
 
Mould growth is undesirable in buildings because it causes damage to 
surface finishes, unsightly stains and, more seriously, imposes health 
hazards to occupants. This is more problematic for critical buildings 
like hospitals, where the patients may have weak immune systems 
and may be exposed to infection, either by direct contact with mould 
itself, or by inhalation of mould spores. The potential for mould growth 
is even higher when the hospitals are located in tropical countries like 
Malaysia, which have hot and humid climates. Cases have emerged 
where combination of poor design, operation and maintenance 
practices, exacerbated by the humid outdoor conditions especially 
during night–time, have led to occurrences of mould growth in these 
critical areas. 
Currently, the design criteria for isolation rooms and its HVAC systems 
in Malaysia are based on the standards and guidelines published in 
the western countries, like the United States of America and the 
United Kingdom, the climates of which are varied. In contrast, the 
Malaysian climate is hot and humid throughout the year, where the 
diurnal temperature variation is very low and the ambient relative 
humidity consistently high with a minimum average dry bulb 
temperature of 27°C and minimum average relative humidity (RH) of 
79%. However, during night-time, the ambient RH of the hot and 
humid climate is close to 100%. In fact, the building and the system 
are designed based on guidelines not tailored to local climate. This 
has huge impact on overall energy use since very high energy use is 
needed to cool and dehumidify highly humid outdoor air to comply with 
the design requirement for 24 hours. 
The difference in climate also results in different response of building 
occupants to the built environment. In the hot and humid climate like 
Malaysia, hospital building users respond better to higher temperature 
range than that in the western countries (Yau and Chew, 2009).  
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Apart from the HVAC system design, the considerable difference in 
climates between Malaysia and the western countries has a big 
influence on the choice of construction materials for a building and 
how they are installed. For example, timber-based construction is not 
practiced in Malaysia as much as in the UK since materials such as 
the oriental–strand board (OSB) has higher affinity to moisture 
absorbance compared to brick, and this can lead to mould growth and 
decay after long exposure to highly humid environment. Position of 
vapour barrier in the wall is also influenced by the climate difference. 
In Malaysia, it is critical for the vapour barrier to be placed in the 
outermost layer of an external wall as first defence against moisture 
ingress. By contrast, the climate in the UK necessitates that the 
vapour barrier is installed at the innermost layer of a building wall 
assembly. 
 
The way that the building is operated can also increase energy use. 
Building operators need to understand the building envelope, such as 
the hygrothermal performance of the double brick wall with insulation, 
and the building services like the HVAC systems. They also need to 
have a practical and cost-effective maintenance plan. 
The design of a HVAC system is subject to uncertainties, such as the 
amount of moisture generation inside the building from occupants or 
processes. This attribute is linked to occupancy which is difficult to 
quantify during design. It forces designers to apply a factor of safety, 
which can be arbitrary. Incorrect factors of safety may result in the 
system being incorrectly sized.  
Another uncertainty to consider is user behavior that affects the overall 
performance of the HVAC system. Building occupants respond to the 
indoor conditions accordingly to achieve appropriate levels of thermal 
comfort. One response is to lower the room temperature to be below 
the recommended setting, as was seen in the Ampang Hospital 
example. The cooling coil then ends up cooling and dehumidifying 
outside its operating range, thus increases the energy consumption 
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and decreases its efficiency. Another response is to open windows to 
let fresh air coming into the occupied area. Infiltration of outside air 
that is not accounted for in design brings unwanted moisture into the 
room. The HVAC system would then not be able to control the room 
relative humidity (RH). The excess moisture is absorbed by the room 
surface, a consequence of which there is a probability of mould growth 
on that surface.  
HVAC system energy use might be reduced through optimised system 
operation. However, this may increase the risk of mould growth. For 
instance, reducing cooling operation may reduce energy use, but 
could also reduce the dehumidifying effect on the incoming ventilation 
air, with the result that humidity, and the risk of mould growth, in the 
occupied space is increased. 
In order to maintain indoor conditions as required by the health design 
guidelines, a number of areas in hospitals require the continuous 
operation of the HVAC systems, such as surgery rooms and intensive 
therapy units. Continuous operation of the HVAC systems incurs high 
energy use. If the hospital is located in a hot and humid climate, the 
energy use is much higher than encountered in the temperate climate, 
in which increased level of dehumidification is required before the 
conditioned air is supplied into these specialised areas.  
There is a need, therefore, to minimise the high energy use of the 
HVAC systems that serve the critical areas in tropical hospitals, and at 
the same time minimize the risk of mould growing in these areas 
(which if it occurs may be detrimental to the health of occupants, 
especially the patients). This can be achieved through the use of 
model-based optimisation which can be used to find design solutions 
and system operating strategies that minimise energy use or the risk 
of mould growth. Model-based optimisation can also be used to 
investigate the trade-off between conflicting design goals, such as the 
trade-off between energy use and the risk of mould growth. 
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Currently, there is no study which establishes the relationship, or 
trade-off, between minimisation of energy consumption, by way of 
optimizing the HVAC systems and the building fabric, and the 
minimisation of the risk of mould growth in hospitals. This is 
particularly the case for specialised units such as isolation rooms, 
where the HVAC systems are operated continuously and located in 
tropical climates. Thus, the aim of this research is to investigate the 
trade-off between building (HVAC system) energy use and the risk of 
mould growth in hospital buildings located in hot and humid climates. 
This research also aims to highlight the uncertainties that arise from 
existing mould growth prediction model. 
1.2 Research Aims and Objectives 
 
The aim of this research is to investigate the minimisation of both the 
energy use and the risk of mould growth in hospital buildings located 
in a tropical climate such as Malaysia, while identifying the relationship 
between these two criteria. To achieve this requires a development of 
an approach based on the use of simulation and numerical 
optimisation. 
The research objectives that meet this aim are: 
• To conduct a literature review on mould growth,  building 
optimisation, and design and performance of hospitals in Malaysia 
(Chapter 2); 
 
• To identify a building performance simulation tool that is able to 
simulate the building HVAC system energy use and the 
environmental conditions necessary for predicting the risk of mould 
growth (Chapter 3); 
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• To investigate and select a suitable optimisation method that can 
be used to minimise building energy use and the risk of mould 
growth, and to identify the trade-off between the two goals 
(Chapter 3); 
 
• To select a suitable mould growth model and further develop the 
model for predicting the risk of mould growth (Chapter 4); 
 
• To develop an example optimisation problem for a benchmark 
isolation room located in a hot and humid tropical climate, such as 
Malaysia and to evaluate the performance of the isolation room 
design practice using the simulation (Chapter 5); 
 
• To investigate the optimum construction and operation of the 
benchmark isolation room and the trade-off between energy use 
and the risk of mould growth (Chapter 6); 
 
• To draw conclusions about which design solutions and operating 
strategies minimise energy use and the risk of mould growth, and 
to draw conclusions as to the extent to which a trade-off exists 
between energy use and mould growth, and propose 
recommendations for further research (Chapter 7). 
The originality of the research is in the application of optimisation 
methods to investigate the relationship, or trade-off between energy 
use and the risk of mould growth, particularly for hospital buildings 
located in a hot and humid climate. In this respect, the new knowledge 
is focused on the required modeling/analysis components together 
with the trade-off between energy use and mould growth. The 
approach serves as decision making tool for the design of energy-
efficient buildings in hot-humid climates, particularly specialized units 
requiring continuous operation. 
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The next chapter (Chapter 2) reviews existing literature survey in the 
areas of mould growth research and mould growth models. An 
overview of the building, HVAC system and HVAC control system 
optimization is also presented. The normal practices of Malaysian 
hospital design and the measured performance against those 
practices are discussed. 
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Chapter 2 
Literature Review 
Chapter 1 gave an introduction to the mould growth issues in Malaysian 
hospitals, and the difficulties encountered by building designers, operators 
and users in achieving indoor environment quality and thermal comfort. The 
structure of this chapter is shown in Figure 2.1, where it starts with 
discussion of the factors leading to mould growth in buildings and the extent 
to which there is a "risk" of mould growth in buildings, and procedures for 
predicting the risk, have been studied in existing literature. It also gives an 
overview of existing modeling approaches available in predicting mould 
growth. The development of building optimisation, specifically building 
construction, HVAC system, and HVAC system operation is also covered. 
Finally, current design practice for hospital design in Malaysia and the 
comparison with measured performance in available literature are discussed. 
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Figure 2.1: Structure of Chapter 2 
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2.1 Mould Growth 
Moulds are not desirable in buildings for three primary reasons: they 
cause decay of materials, including structural members; they cause 
objectionable staining (Adan, 1994); and they can have negative 
health impacts. They also produce mycotoxins and volatile organic 
compounds (VOCs) (Straube, 1999; Wilkins et al, 2000), which causes 
substantial construction, health and business risks (Flanagan and 
Jewell, 2003).  
Fungal growth in buildings requires nutrients from furniture or building 
materials such as fibre-glass insulation (Ezeonu et al, 1994), of which 
an extensive literature review regarding mould growth on this 
particular material is done by Van Loo et al (2004); a temperature in 
the range of 22 to 35°C; the presence of moisture in the materials, 
with the risk increases considerably when the surface relative humidity 
(RH) goes beyond 80% (Pasanen et al,1992); the type of substance in 
terms of organic fraction in a material (D’Orazio et al, 2009); and an 
exposure time which varies from days to months. Mould growth also 
stems from internal surface condensation of a building (Becker, 1984). 
This section discusses the range of experimental results pertaining to 
mould growth and the various mould growth prediction models that are 
used in predicting the growth risk in building. 
2.1.1 Experimental Results 
Research has been conducted to establish the moisture 
requirements for mould growth, beginning with a 
comprehensive study by Block (1953). It was found that the 
water-absorbing properties of the substrate play an important 
role in determining the limiting humidity of the atmosphere at 
which mildew will occur. The fungus is incapable of obtaining 
moisture for growth directly from the atmosphere but derives it 
from the substrate which obtains the moisture from the 
atmosphere. The substrate moisture is also affected by airflow 
and temperature as well as relative humidity (Horner, 2006), 
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and also the capillary absorption of water in the building 
materials like gypsum and wood board (Pasanen et al, 2000). 
Different moisture regimes can also affect the response to 
fungal growth on insulation materials (Klamer et al, 2004). 
The influence of moisture in terms of its requirements for mould 
growth in buildings was discussed in detail by Grant et al 
(1989), with particular regard to a parameter known as water 
activity (Aw) in building materials. Water activity is defined as 
the ratio of vapour pressure of water above a sample to that of 
pure water under the same conditions (temperature and 
humidity) and is expressed as a fraction, Aw=RH/100, where 
RH refers to the relative humidity of the substrate. It is used to 
represent the water that is not bound with the molecules in a 
sample. This unbound water can support the mould growth in 
which the spores can obtain it from the atmosphere using 
osmotic process through its semi-permeable membrane. 
Mould growth on susceptible surfaces of building materials can 
be avoided if the water activity (Aw)is maintained at below 0.80. 
This is achieved through combinations of room air temperature 
and relative humidity according to the thermal properties of the 
building walls (Grant et al, 1989). By keeping building materials, 
such as ceiling tiles dry, the mould growth could also be 
avoided (Chang et al, 1995). However, in the context of the hot 
and humid climate, cooling and drying the ventilation is needed 
to avoid the surface water activity going above 0.8 (Hens, 
1999). 
Research on conditions leading to mould growth and the 
methods of predicting and tackling the problem in temperate 
countries is extensive. However, very little research of similar 
nature has been conducted for buildings in hot and humid 
climates. One such study was reported by Lim et al (1989), 
where tests were conducted on the National University of 
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Singapore faculty buildings to isolate and identify the mould 
species that are resistant to fungicides. A small number of 
mould species that were isolated in this study, such as 
Aspergillus versicolor, were also found in buildings in the cold 
and dry climates, thus proving that certain species are not 
localised. However, the scope of study precludes the effects 
that moisture content and surface temperature would have on 
the propagation of mould. Furthermore, this study advocates 
the use of fungicide, a rather curative measure than a 
preventive or predictive measure. 
2.1.2 Mould Growth Prediction Models 
The existence of mould inside buildings poses health hazards 
for its occupants. There are methods to ameliorate the mould 
damaged surfaces in buildings by applying disinfectant or 
fungicide. However, this corrective action is taken when the 
damage caused by mould growth is already widespread. The 
application of chemical detergents also has its disadvantages in 
that it poses a hazard to the occupants and incurs higher 
buildings maintenance costs. It is therefore more practical to 
take into account the risk/probability of mould growth during 
early stages of building design. This has led to the development 
of a number of established mould growth prediction models. 
Adan (1994), introduced Time-of-Wetness (TOW) as a measure 
of water availability for mould growth under transient conditions. 
The TOW was defined as the ratio of cyclic wet period, that is 
the period when the relative humidity (RH) near a surface is 
greater than (RH≥80%), and cyclic period. Since this approach 
is developed from laboratory experiment, the cyclic period 
refers to the period of between 6 and 12 weeks during which 
gypsum-based materials were inoculated with fungus. The 
materials then were exposed at various RH settings. Mould 
growth remains weak as long as TOW stays below 0.5, which 
represents 50 percent of duration. If the value is above that 
Chapter 2: Literature Review 
 
Loughborough University 14 
 
figure, the growth rate increases rapidly to reach the steady 
state value for TOW=1. 
The limitations of this approach were that it was based on the 
experimental results using a single fungal species and the 
substrates used were limited to gypsum-based materials. 
Another limitation was that the cyclic period depended on the 
time determined in the experiments. Finally, temperature was 
not considered a key parameter to fungal growth in this 
approach. 
Clarke et al (1999) formulated the critical mould growth limits 
into a mould prediction computer program. The growth model 
uses data taken from an extensive literature review. Mould 
samples were also collected from houses in Edinburgh, UK, 
and were germinated in the laboratory. The mould species were 
identified and assigned into categories. The critical limits for the 
growth of the mould species were mathematically described in 
terms of growth limit curves, or isopleths, that define the 
minimum combination of temperature and relative humidity for 
which growth will occur. Each curve was generated from a 
series of data points on a Temperature (T)–Relative Humidity 
(RH) plot and was mathematically fitted by using a third-order 
polynomial equation in the form of  a0  + a1T + a2T² + a3T³ =  
RH.  The prediction model uses temperature and partial vapour 
pressure as transport potentials for moisture in a 1-
Dimensional, coupled heat and moisture transport model. The 
prediction model has been incorporated into the ESP-r transient 
building simulation program (Clarke, 1985).  
The differences in results of mould growth between categories 
of mould species can also be taken as a measure of 
uncertainty, particularly the conditions between the limit curves. 
The limit curves describe the limiting surface conditions, based 
on surface temperature and surface relative humidity data 
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points, for which different categories of mould will germinate. 
Questions are also raised on the conditions that are not 
accounted for directly by the limit curves but may lead to mould 
growth. To illustrate this point, Figure 2.2 shows the distribution 
of data points superimposed on the generic mould growth limit 
curves, taken from extended simulation of a test house in 
representative winter conditions over one week, with surface 
temperature range of 0 to 5°C and the surface relative humidity 
range of between 75% and 100%. The mould species were 
represented by categories based on level of affinity towards 
surface relative humidity. The lowest growth limit curve belongs 
to a mould species category A which is highly xerophilic, or that 
which favours ‘dry’ surface, B for xerophilic category, C for 
moderately xerophilic, D for moderately hydrophilic, E for 
hydrophilic, and category F represents the mould species which 
is highly hydrophilic, or that which favours very damp surface 
condition. This led to the conclusion that mould growth spanned 
across all the growth categories.  
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Figure 2.2: Predicted surface conditions in winter conditions 
and limit curves for different mould species 
(Clarke et al, 1999) 
The limitation of this mould growth model is that the curves are 
based on data obtained from conditions that are controlled in 
laboratories, and where the principal determinants were 
maintained at fixed values.  The model is therefore unable to 
indicate the dynamic effects of temperature and/or humidity on 
mould growth and as such is a steady-state model.  
There is also a question as to whether the mould will cease to 
grow at conditions immediately below the limit curves, or if the 
growth will slowly recede when the conditions go further from 
the curve.  
The mould growth model by Hukka and Viitanen (1999) uses a 
visual scale as a method of quantification. Mould growth on 
wooden materials is predicted using a mathematical model 
developed from laboratory test of mould growth. The model 
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depends on the critical relative humidity (RHcrit) required for the 
initiation of mould growth, which is a function of temperature. 
Based on the temperature range of 5.0-40.0°C, the critical 
relative humidity can be expressed as a boundary curve of a 
polynomial function shown as equation (1): 
( )1
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The critical relative humidity when surface temperature is above 
20°C coincides with the guidelines stated in the International 
Energy Agency Annex 14 Guideline on Condensation and 
Energy (IEA, 1990). It was observed that growth mould fungi 
and time period needed for the initiation of mould growth are 
mainly regulated by water activity, temperature, exposure time 
and surface quality of the substrate. 
Presently, the model gives special attention to growth on wood 
and wooden material surfaces, even though the authors 
recognize the future possibility of applying the model on 
materials other than pure wood. 
Oreszczyn et al (1999), developed the Condensation Targeter II 
(CD2), moisture production calculation procedure, which has 
been extensively used to predict the mould growth in the United 
Kingdom dwellings. The procedure incorporated a monthly 
calculation to investigate when the critical conditions for mould 
growth occur, in which it determined conditions on the dwelling 
surfaces, including cold bridges. It also allowed seasonal 
variations in the ventilation rate to be examined. The model 
incorporated thermal modelling and moisture modelling. The 
thermal model is used to predict the internal temperature, which 
is determined by the heat loss of the building, the type of 
heating system, control and other sources of internal heat gain. 
The thermal models used are Building Research Establishment 
Domestic Energy Model, or BREDEM-12 (Anderson et al, 
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2001), that calculates a seasonal average internal temperature 
and uses modified heating season degree days to characterize 
the external climate, and BREDEM-8 (Anderson et al, 2001), 
which predicts mean monthly energy consumption and 
temperatures from mean external temperature and solar 
radiation. 
The moisture model is used to predict the internal vapour 
pressure which, when combined with the temperature, can be 
used along with psychrometric data to predict both monthly 
airspace and surface relative humidity.  The risk of mould 
growth relates to the critical surface relative humidity.  
The model makes several assumptions. Firstly, the critical 
surface relative humidity in a building, above which mould 
growth would occur are;  80% RH for wall surfaces, ceilings and 
floors and 100% surface relative humidity at the glazing; 
Secondly, moisture transfer only occurs through bulk air 
movement between inside and outside the building, thus 
ignoring diffusion through the fabric and hygroscopic 
adsorption/desorption. Finally, it only models average 
conditions and not the peak conditions. 
Sedlbauer (2001 and 2002) developed a procedure that 
consists of two prediction models that are based on each other, 
namely the isopleths termed Lowest Isopleths for Mould (LIM) 
and a transient biohygrothermal model. The LIM model 
differentiates the mould species according to the health risk 
they impose on building occupants, termed as hazard classes. 
The hazard class A is defined as fungus or its metabolic 
products that are highly pathogenic and should not be allowed 
to occur; class B for the fungus as a pathogen that may cause 
allergic reactions if exposed for over a long period; and class C 
is for the fungus that is not dangerous to health, but may cause 
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economic damage if formed. The generalized LIMs for both the 
hazard classes were shown in Figure 2.3. 
 
 
 
LIMs are based on measured biological data under laboratory 
conditions and represent the growth prerequisites for all fungi in 
each hazard class. LIMs therefore are the resulting lowest 
boundary lines for possible fungus activity. They also describe 
spore germination time and growth rates of mould according to 
the substrate groups, as shown in Figure 2.4. 
Figure 2.3:  Generalised isopleth systems with LIM for 
health risk class A (Top), and class B/C 
(Bottom) (Sedlbauer, 2001) 
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Actual building materials are categorized into substrate groups; 
for example, Group I is classified as biologically very usable 
substrates (e.g. wallpapers, plasterboard), and Group II is 
classified as substrate with porous structures (plaster, mineral 
building materials). The Lowest Isopleths for Mould (LIM) I and 
II correspond to these groups. Stating that the temperature, 
humidity and substrate conditions are the boundary conditions 
for fungi growth, he asserts that they must be present 
simultaneously and not treated as steady-state conditions. 
 
Figure 2.4: Generalised isopleth systems and LIM for 
substrate group I (Top) and substrate group II 
(Bottom) (Sedlbauer, 2001). 
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The LIM approach is further developed into is known as the 
biohygrothermal model, the basics of which can be referred 
from studies by Sedlbauer (2001) and Sedlbauer et al (2003). 
This model is based on the fundamental idea that fungal spores 
have a certain osmotic potential across the spore walls due to 
differences in the concentration of salts, sugars and additional 
substances. It takes into account the changing surface 
temperature and relative humidity and predicts the moisture 
balance independence of realistic unsteady boundary 
conditions as found in buildings, and in so doing permits the 
prediction of mould growth probabilities. The moisture balance 
(mostly the conditions of spores) is predicted as effected by 
realistic unsteady boundary conditions as found in buildings, in 
order to permit predictions of growth probabilities. 
The biohygrothermal model is incorporated into a simulation 
program WUFI-Bio, Sedlbauer (2001, 2003), that predicts the 
mould growth under transient conditions. The determination of 
critical moisture content is achieved through the calculation of 
resulting water content in a modeled mould spore when 
exposed to transient conditions and comparison to the critical 
water content, above which the spore will germinate and mould 
will start to grow. The assumption for this method is the water 
absorption of spores is calculated with the diffusion approach; 
and the critical moisture content is determined by the means of 
isopleths. 
The limitation of the model is the influence factors such pH 
value, salt content, light, oxygen content, surface quality and 
biogenic factors are not considered, which may affect the 
determined germination time of mould spores. The material 
parameters are not directly measured but were inferred from 
other experiments with spore-forming bacteria, specific 
biological experiments must be conducted to support the 
model. The activity inside the spores also cannot be modeled 
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and described mathematically. Therefore, the substrates are 
not considered directly at the biohygrothermal calculations. The 
moisture storage function used for mould fungal spores was 
measured for bacteria and slightly modified, due to the absence 
of existing measured values for mould spores. 
Moon and Augenbroe (2004) predicted mould growth based on 
the availability of detailed information of the physical state of 
the materials in the building over time. The focus was to 
develop performance indicators that express the mould growth 
risk in existing building as a result of uncertainties in building 
parameters. Isopleths for mould spores were used to establish 
a standard mould generation graph. This was compared with 
embedded mould protection method incorporated into the ESP-
r simulation program (Clarke et al, 1999) and the conservative 
mould prevention criterion of 80% relative humidity threshold 
set by IEA Annex 14(1990). 
Consideration of uncertainties was based on the premise of the 
deterministic use of the current simulation models being 
inadequate for assessing all possible types of mould risks in 
real-life buildings. Therefore, a mix of existing simulation tools 
was used as a method to address the uncertainties. The 
EnergyPlus (Crawley et al, 2001) simulation was combined with 
air infiltration model COMIS to deliver zone conditions, namely 
room temperature and relative humidity, which in turn were 
used as the interior boundary conditions for the hygrothermal 
envelope model WUFI (Kunzel, 1994) to determine the surface 
conditions. The hygrothermal results from both simulations 
were then combined with thermal bridges results from the 
KOBRA simulation tool (PHYSIBEL, 2002) to determine the 
local environmental conditions. 
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In addition to the standard major factors influencing the mould 
growth, four other major “non-standard” mould cause 
categories were identified, namely spore source, substrate 
condition, HVAC maintenance and operation, and local building 
details. Each cause category consists of parameters, or 
attributes to potential mould growth not captured in building 
simulations but are present in real-life buildings. For example, 
the parameters in the HVAC maintenance and operation 
category are the risk of outside air infiltration due to 
pressurisation, air tightness of facades, HVAC shutdown 
operation, and so on. 
Using a database of mould growth occurrences and field data 
of existing buildings, the parameters were factorised using 
methods such as factorial analysis or Latin Hypercube 
Sampling in order to evaluate their dominance, and their values 
were computed into empirical factors that represent the cause 
categories. A hypothetical performance indicator for mould 
growth, PI , was then formed, and expressed in equation (2) as 
)2(* dcba FFFFPIPI ++++=  
Where, 
=*PI  Outcome of idealised standard simulation obtained from 
the mixed simulation method 
=aF  Cause factor representing spore source category 
=bF  Cause factor representing substrate condition category 
=cF  Cause factor representing substrate condition category 
HVAC maintenance and operation category 
=dF  Cause factor representing building details category 
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The limitations of this model are that it can only be used for 
mould remediation case on existing building and not for new 
buildings. The mixed simulation method adopted results in 
increased accuracy for idealised simulation part of the 
performance indicator but it suggests an increase in computing 
cost. Obtaining as much information as possible from database 
of mould growth occurrences and field data to evaluate the 
“non-standard” mould cause categories also suggests an 
increase in complexity of the mould growth risk analysis. 
Methods for quantifying the cause factors still need to be 
developed for the performance indicator to be meaningful. 
2.1.3 Comparison of Approaches 
The different approaches taken by each model previously 
explained and their limitations are shown in Table 2.1.  
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Table 2.1: Comparison between existing mould growth 
models 
Model Author Method Limitations 
Time of Wetness  
(TOW) 
Adan 
(1994) 
Indication of limit 
value for the relative 
humidity in hours/day 
Influence of 
temperature is not 
considered 
ESP-r 
 
Clarke & 
Rowan 
(1999) 
 
Superimposition of the 
calculated surface 
conditions on the 
mould growth 
limitation curves 
Limit curves based on 
categories of species 
derived from 
controlled experiments 
and previous 
published researches 
No statements 
concerning time 
Uncertainty of 
growth between 
limit curves for 
given surface 
conditions 
Dependence on 
the substrate is 
not considered 
 
LATENITE 
 
Hukka & 
Viitanen 
(1999) 
 
Using critical surface 
relative humidity 
based on mould index 
(mathematical in 
nature) 
Derived from 
laboratory 
experiments for visual 
inspection 
Applicable only to 
pure pine and 
spruce sapwood 
(substrate specific 
isopleths) 
Uncertainty with 
regards to other 
materials 
Biohygrothermal 
 
Krus & 
Sedlbauer 
(2001) 
 
Lowest Isopleth for 
Mould (LIM) based on 
categories of 
substrates 
Calculation of 
moisture content in 
mould spores 
Spores as a biological 
wall simulated in 
WUFI-Bio 
Hard to acquire 
the required 
moisture 
properties for a 
spore 
More complex 
computation 
Probabilistic 
Mould Risk 
Indicator 
 
Moon & 
Augenbroe 
(2005) 
 
Mixed simulation 
approach using 
existing software 
combined with 
uncertainty analysis 
Using normal 
distribution to 
determine order of 
uncertain parameters 
Fungal spore 
transportation and 
local air flow 
around trouble 
spots were not  
considered 
Approach too 
complex with 
increased 
computing time 
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From Table 2.1, it can be seen that there is a mixture of 
different approaches; one was based on a specific threshold 
value of one key parameter (surface relative humidity) after a 
specific period of surface exposure. Another adopts a similar 
path while introducing an index of mould growth based on 
visual observation. Another method assesses the risk as the 
functions of surface temperature and relative humidity and 
relates them with the temperature ranges at which different 
mould species will grow. The time factor was also considered 
where two aspects were looked at; one is the time for spore 
germination, and the time during which a surface was exposed 
to damp condition. Finally, the latest approach was to 
incorporate uncertainty analysis to assess the dynamics of a 
number of building parameters not captured in simulation but 
do attribute to mould growth. 
The comparison of different models in Table 2.1 was shown 
again in the form of growth limit curves as shown in Figure 2.5. 
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Figure 2.5: Comparison of growth limit curves of 
different models (Ojanen et al, 2007). 
The comparisons in Figure 2.5 show a good agreement among 
the models with regards to the critical condition above which 
mould will grow (25°C and relative humidity of between 75 to 80 
percent at the surface), apart from the Lowest Isopleth for 
Mould (LIM) curve I by Sedlbauer (2001). There is little 
discrepancy between the models with regards to the surface 
conditions at the range of temperature between 0 to 5°C and 
the relative humidity of between 90 to 100 percent.  However, 
there is divergence between the limit curves as the surface 
temperature increases and the surface relative humidity 
decreases. 
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It is worthy of note that although some curves seem to overlap, 
indicating typical response to the changing conditions, there are 
noted differences between the methods. The first difference is 
in the growth media. Clarke et al (1999) used agar substrates 
as medium for mould species extracted from actual house and 
also used inoculated wallpaper and germinated the mould 
inside climate chamber for comparison of results. The result by 
Hens (1999) is based on experiment using wheat extract agar. 
Hukka and Viitanen (1999) used laboratory sample of pine and 
sprucewood. Sedlbauer (2001) categorised actual building 
material into substrate groups where Group I is classified as 
biologically very usable substrates (e.g. wallpapers, 
plasterboard), and Group II is classified as substrate with 
porous structures (plaster, mineral building materials). The 
Lowest Isopleths for Mould (LIM) I and II correspond to these 
Groups. 
The second difference is the method of derivation. The limit 
curves by Clarke et al (1999) are derived from curve-fitting the 
data points obtained from previously published researches and 
from their own experiments. The same applies to the curve by 
Hens (1999) even though the parabolic equation for critical 
surface humidity is a second order function. Curves by Hukka 
and Viitanen (1999) are derived from multiple regression and 
laboratory samples with priorities on wood.  
Another difference is what the curves represent. Curves by 
Clarke et al (1999) and Hens (1999) are represented by the 
same species. The curve by Hukka and Viitanen (1999) relates 
to the species that grow on wood which has different surface 
condition requirements. Lowest Isopleths for Mould (LIM) by 
Sedlbauer (2001) implied that the curves represent the lowest 
possible fungus activity, below which there will be no mould 
growth. The emphasis is on particular species that exist in a 
building and harmful to occupants. 
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A more recent comparative study of all the available mould 
growth prediction models was by Vereecken and Roels (2012). 
The study recognised the deterministic approach of the models 
but noted that the different assumptions in the prediction 
methods of each model lead to contradictory results of the 
probability of mould growth. A suggestion was made to develop 
prediction models that include a spread in germination time and 
growth rate. 
At present, there is no available literature on mould growth 
model that indicated whether the period of exposure of a wall 
surface to indoor condition is either successive or accumulative; 
accumulative being there is an amount of time during which 
drying of surface occurs. Sedlbauer (2001), for example, 
indicated that exposure time on each of the isopleth is the time 
required to support mould growth. A new model by Krus and 
Sedlbauer (2007) suggested that the risk of mould growth can 
be integrated with time. However, it is not mentioned in both 
studies whether the exposure time is successive and the length 
of time between the wet-periods of the exposed surfaces is also 
not known. For the purpose of the research, the model by Krus 
and Sedlbauer (2007) is useful since the drying periods in 
tropical climate are likely to be short. 
2.1.4 Uncertainty in Mould Growth Analysis 
It is important to highlight the probable uncertainties that may 
be present in the existing mould growth prediction models and 
their contribution to the results obtained in this research. 
a) There are uncertainties in the actual/transient surface 
conditions due to the modelling simplifications, and the 
extent to which the existing mould growth models 
adequately account for the influential “boundary conditions” 
for mould growth, such as moisture sources and infiltration. 
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b) The response of different species of mould to conditions 
brought about by parameters such as temperature, 
humidity, substrate (whether wood or gypsum), and material 
properties, all of which may vary. To illustrate, the critical 
surface humidity levels above which mould will grow also 
vary with different surfaces; for wood, gypsum and 
fibreboard, the critical surface humidtiy is between 80% and 
95%, whereas for wallpaper, it is between 75% and 95% 
(Viitanen and Salonvaara, 2001). 
 
c) Indoor conditions have a significant impact on mould growth 
potential. These include the building operation which 
involves user behaviour that is very difficult to quantify, the 
ventilation rates, the thermostat set point values, and the 
schedule of operation. 
 
d) The type of HVAC system and their mode of operation 
influence the speed at which indoor conditions are achieved 
and maintained, and therefore the risk that conditions 
suitable for mould growth will occur. 
 
e) Building configuration involves building orientation and 
insulation layer thickness, either by design or construction. 
Insulation thickness vary according to where it is applied, 
whether in the floor, cavity wall or roof, this in turn influences 
the uniformity of surface conditions. 
 
f) The climate conditions and micro-climate influences, the 
internal humidity and potential for mould growth. 
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2.1.5 Other Development in Mould Growth Research 
In addition to the mould growth models mentioned above, 
recent research by Johansson et al (2009) took into account 
existing mould growth models, namely the 80% RH threshold 
value set by the IEA Annex 14 (1990), and the lowest isopleths 
for mould (LIM) method proposed by Sedlbauer (2001), and 
converted them into indices to predict mould growth on 
rendered building facades. They concluded that the orientation 
and thermal inertia, have major influences on the surface 
humidity levels of the facades. In addition to the mentioned 
parameters, wind-driven rain also has a significant impact on 
the hygrothermal properties of a building envelope, particularly 
the moisture content in walls which may lead to potential mould 
growth at the edges. (Abuku et al, 2009). Having stagnant air at 
internal wall corners may also contribute to mould growth due 
to increased relative humidity within the region as a result of 
low convective effect (dos Santos et al, 2009). 
A study by Woloszyn et al (2009) used a combination of relative 
humidity-sensitive ventilation with building materials that 
possess moisture-buffering capacity as one of the solutions to 
reduce energy demand and reduce variations in indoor relative 
humidity. However, there is no conclusion on the influence of 
continuously introducing external air with very high moisture 
content at very high air change into a building on the energy 
consumption and indoor RH variation. The scope of research 
was limited to the residential building in the cold and dry 
climate. 
A novel approach of assessing the risk of mould growth on 
building materials using spatial and frequency domain analysis 
was also developed (Aibinu et al, 2009). The method uses 
digital image processing, digital signal processing and shape 
analysis of the image of mould infestation visible on the surface 
of a building material.  It is only applicable at a stage when 
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growth is evident or symptomatic and when remedial action is 
required. 
There are a few building standards and guidelines available 
that give specific requirements on minimising mould growth on 
building surfaces. However, they are limited in the context of 
indoor air conditions. The British Standard BS 5250 (2002) 
assumes that the surface relative humidity for the external wall 
of a room could support mould growth if the room relative 
humidity stays at 70 % for a long period of time, the length of 
which is not specified. For winter condition, the standards 
assumed that the wall surface relative humidity will be 10% 
higher than that in the room. No indication is given as to the 
exposure time required, either successively or accumulatively, 
to sustain the conditions. There is also no suggestion on what 
the specific conditions should be at, or what the room relative 
humidity should be during summer. 
The Department of Public Works Malaysia has launched its 
own Guidelines on the Prevention of Mould Growth in Buildings 
(2009). Similar to the BS 5250, it only gives simplified condition 
criteria for indoor air. The temperature range for possible mould 
growth is between 5° and 50°C, while the room relative 
humidity is consistently above 70%.  
An ASHRAE Standard 160: Criteria for Moisture-Control Design 
Analysis in Buildings was launched in 2009. The standard was 
created with the intention to provide performance-based 
procedure for moisture design analysis for all types of buildings 
(TenWolde, 2008). At the time of writing, ASHRAE has 
amended the requirement to minimise the potential of mould 
growth on surfaces of building envelope, where the 30-day 
running average surface RH shall be less than 80% (RH<80%) 
when the 30-day running average surface temperature is 
between 5°C and 40°C (ASHRAE, 2011). This requirement is 
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considered to be sufficient to predict mould growth and makes 
the standard easier to use. However, comparing the ASHRAE 
standard with the LIM by Sedlbauer (2001) indicated that mould 
growth is still likely to occur at surface RH below 80% where it 
takes less than 30 days for spores to germinate. The conditions 
set by the ASHRAE standard also favour the highly xerophilic 
and xerophilic mould species categories based on the model by 
Clarke et al (1999). 
2.1.6 Summary 
The literature survey on existing mould growth models was 
conducted, with the different approaches to mould growth 
prediction, their benefits and limitations explained in detail. 
Adan (1994) adopted a specific threshold value of only one key 
parameter (surface relative humidity) after a specific period of 
surface exposure. Hukka and Viitanen (1999) adopted a similar 
path while introducing an index of mould growth based on 
visual observation on building materials made of pine and 
spruce but not other building materials. Clarke et al (1999) 
assessed the mould risk as the functions of surface 
temperature and relative humidity as well as mould categories 
but excluding the time factor. The time factor was also 
considered from two aspects; one is the time for spore 
germination, and another during which a surface was exposed 
to damp condition. Finally, Moon and Augenbroe 
(2004)incorporated complex causal effect approach to assess 
the dynamics of a number of building parameters not captured 
in simulation but do contribute to mould growth. 
The mould growth model must be able to incorporate 
temperature, surface RH and time taken for mould species to 
grow, since the three parameters interlink with each other. The 
temperature and RH range must be relevant to the appropriate 
climate, which in the case of this study, is hot and humid. The 
mould risk model should also not be limited to a few mould 
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species. In view of the requirements, an approach using Lowest 
Isopleths for Mould (LIM) developed by Sedlbauer (2001) was 
selected for this research since it incorporates surface 
temperature, surface RH, and the spore germination time. In 
addition to those parameters, the condition of substrates, or 
media on which mould grows, is also treated as another critical 
factor. The range for surface temperature and RH for this model 
is suitable for the hot and humid climate. The generalized LIM 
takes into consideration the hazard classes of the mould 
species available and the conditions of the surfaces on which 
they would grow.  
2.2 Building Optimisation 
This section reviews literature on the optimisation of building 
construction, HVAC systems, and the HVAC systems operation to 
arrive at optimal solutions relative to design goals. 
2.2.1 Building Construction Optimisation 
Earlier efforts were made in optimising energy usage to reduce 
costs, either by embedding energy analyses into the 
optimisation structure (Jurovics, 1978), or applying an 
optimisation model to office building design in different climatic 
regions (Al-Homoud, 1997). In other studies, the focus was to 
achieve necessary condition in terms of temperature and 
relative humidity without reliance on active energy, by taking 
into account major climatic design elements such as the 
percentage of fenestration, building orientation, outdoor wind 
velocity and daylight factors (Ajibola, 1993).  
A few studies include optimisation of the thermal behaviour of 
tropical buildings (Romero et al, 2001), the building optimisation 
in the Mediterranean climate (Znouda et al, 2007) and building 
energy performance for buildings in the hot and dry climate of 
the Middle East (Radhi, 2008). 
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Building optimisation can be applied during early stages of 
design using an abstract building shell form during early design 
stage to reduce the construction cost and seasonal demand for 
heat energy (Adamski, 2007). This approach, however, is not 
limited to the context of space like floor shape (Wang et al, 
2006); it is also possible to extend optimisation to other aspects 
of a building like building envelope features (Tuhus-Dubrow and 
Krarti, 2010),  the fenestration such as the number of windows, 
window aspect ratio on a façade, glazing types and areas 
(Suga et al, 2009; Wright and Mourshed, 2009; Caldas and 
Norford, 2003; Holst, 2003), as well as maximising both thermal 
insulation and thermal inertia of multilayered walls (Shi, 2011; 
Sambou et al, 2009). Applying multi-objective optimisation 
increases building energy efficiency, by identifying a number of 
optimal design solution (Diakaki et al, 2008). 
Recent researches into the context of building construction 
optimisation include a study by Fialho et al (2011) where a 
framework for architects was provided that defines the 
architectural and structural design of a building. In a way, this is 
in the same vein as the study by Adamski (2007). The objective 
functions that form the basis of the framework were the 
minimisation of both energy consumption and the construction 
costs of a building.  A single building was selected with 
variables being optimised were the orientation angle of the 
building and wall insulation details. The insulation materials with 
corresponding thermal resistance (measured in m2K/W) and 
cost per square metre (measured in €/m2) were categorised 
according to different thicknesses.  
The algorithm selected was Hype, which is a hyper-volume-
based multi-objective evolutionary algorithm used to evaluate 
the fitness of the non-dominated solutions. The solutions 
generated by Hype were then simulated in the building 
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performance simulation program EnergyPlus (2002) to evaluate 
the energy consumption.  
A similar approach was taken by Shi (2011) where simulation 
was coupled with genetic algorithm to optimise the insulation 
usage and space conditioning load; an approach that is similar 
to that taken by Tuhus-Dubrow and Krarti (2010), albeit at a 
more detailed stage in building design. Shi (2011) supports the 
view that traditional manual trial-and-error approach in building 
design is time-consuming, and optimisation can improve design 
efficiency and assist building designers in finding optimal 
design solutions. 
The researches mentioned above did not cover specific areas 
such as the isolation room. There is a limited body of 
knowledge regarding the optimisation of hospital buildings, 
even though there attempts, such as optimisation of an 
architectural layout a hospital room by Mendez et al (2008) 
using ventilation pattern to find a feasible layout that has the 
most efficient ventilation. Therefore, the specific area regarding 
the optimisation of construction details for isolation rooms in 
tropical hospitals with the aim of minimising energy 
consumption and minimising the risk of mould growth on 
building surfaces is still not fully explored, this being the focus 
of this research.  
Building construction optimisation in recent research covers a 
number of building parameters, namely the building shape, the 
window-to-wall ratio, and wall insulation. 
2.2.2 HVAC System Optimisation 
In addition to optimising the building construction, be it the 
shape or construction materials, there are also a large number 
of researches that touches on the optimisation of HVAC 
topology. From the context of HVAC system design for 
healthcare facilities in tropical countries, Yau (2006 and 2008) 
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investigated the use of heat pipe heat exchanger (HPHE) 
system in operating rooms in Malaysian hospitals as a new 
approach to reducing energy use while at the same time 
complying with the strict indoor conditions for an operating 
room.  
The inclusion of heat recovery in a HVAC system, particularly 
desiccant-based recovery mechanism in hot and humid climate, 
was reviewed in the study by Sekhar (2007). That it leads to a 
considerable reduction in energy use in removing moisture from 
the system in the form of latent load was shown by Kosar 
(2006), where the desiccant dehumidifier was used in the DX 
system to shift the sensible load to latent load, thereby reducing 
the sensible heat ratio (SHR) from 0.75, as rated by the 
American Refrigeration Institute (ARI), to 0.5. There is energy 
required to regenerate the desiccant but it was outweighed by 
significant energy saving potential due to elimination of 
overcooling and re-heating processes, as suggested by Daou 
et al (2006). The application of heat recovery in Malaysian 
hospitals in the form of desiccant wheel is found mainly in the 
operating rooms but not in isolation room, where overcooling 
and re-heating of the outside air was the norm. 
Another area for improvement in this aspect was the cooling 
coil performance through effective number of rows of cooling 
coils (Sekhar and Tan, 2009). The dehumidifying performance 
of the cooling coil was optimised by reducing effective surface 
area of cooling coil, which in effect reducing the sensible heat 
ratio. The outcome is the improvement of dehumidifying 
performance as well as the reduction in energy consumption, 
since overcooling is avoided.   
Thermal comfort of building occupants tends to be 
compromised by minimising energy usage. Identifying the 
trade-off between the energy cost and zone thermal discomfort 
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by optimising the elements of the building design problems was 
attempted (Wright et al, 2002). Recent works of similar aspect 
include that by Huh and Brandemuehl (2008), in which they 
attempted to develop optimal operational strategies for a direct 
expansion (DX) HVAC system with respect to both energy 
consumption and thermal comfort for hot and humid climate. 
The optimal strategies were achieved by applying numerical 
optimisation techniques, where the interactions between the 
cooling load and the indoor condition were estimated using an 
extension of the modified bin method. The study by Huh and 
Brandemuehl (2008) however was limited to the DX type HVAC 
system and the chilled water system was excluded. Since the 
DX type is the system of choice for this research, a more 
detailed explanation is given in Chapter 5. 
From the context of optimised chilled water system, the study 
by Lu et al (2005) with a single objective of minimising the 
power consumption of the in-building section of the centralised 
HVAC system, namely chiller, chilled water pump and the 
blower fan. The optimum performance was achieved by 
operating the in-building HVAC components at the optimal set 
points calculated in real time with the changing cooling load. 
2.2.3 HVAC Control System Optimisation 
HVAC system operation can be optimized via the supervisory 
control strategy and the set-points with the objective of 
minimising energy use, regardless of the system type. A study 
by Ren and Wright (1997) used a predictive controller as a 
control strategy for fabric thermal storage systems.  
It is also possible to determine the combinations of design 
parameters by considering objectives and constraint, the 
combination of parameters being optimised using one-objective 
problem used by Djuric et al (2007) by coupling EnergyPlus 
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(2002) with a generic optimisation program GenOpt (Wetter, 
2001)  
The optimisation of HVAC control systems to minimise energy 
consumption using an evolutionary algorithm has been a 
subject of a number of studies, with particular attention to the 
use of a genetic algorithm (GA) as a search method, as 
attempted by Wright et al (2002).  
Optimisation of HVAC system operation is not limited to using 
genetic algorithm as a search method; a coupled simulation-
evolutionary programming approach suggested by Fong et al 
(2008) also provides a holistic energy management approach 
and has a potential to replace traditional parametric studies for 
HVAC optimisation problems based on trial-and-error, or 
estimation, approach, using optimisation of existing supervisory 
control strategy of mechanical ventilation and air conditioning 
set-points in subway stations as  examples.  
Recent researches also showed that optimising HVAC control 
system as a strategy to reduce energy consumption is also 
valid for existing HVAC system without compromising indoor air 
quality, as was shown by Kusiak et al (2011). The study used 
the objective functions of energy consumption and the indoor 
air quality constraint. Objective functions were the total energy 
consumption of an existing HVAC system, including the fan, 
pump, and the re-heat power, while the room temperature and 
humidity objective functions were treated as constraints to 
satisfy the indoor air quality for the air handling unit system. In 
other words, the objective functions were the energy 
consumption and the IAQ constraints.  The optimised control 
set-points for the system were the supply air temperature and 
the supply air static pressure. The treatment of the objective 
function and the constraints determined the choice of search 
algorithm. The search algorithm used was strength pareto 
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evolutionary algorithm coupled with local search (SPEA-LS). 
Basically, the SPEA finds the pareto optimal solutions after a 
number of generations and the local search finds the most 
optimum solution among the converged pareto solutions. 
  
Gacto et al (2010) uses Fuzzy Logic Controller combined with a 
variant of SPEA2 (Zitzler et al, 2001) search algorithm to 
specifically reduce energy consumption and reduce the 
complexity of the fuzzy logic rules to improve the HVAC system 
performance. One novel method in optimising the HVAC 
system was to control the CO2 concentration to reduce HVAC 
system energy use (Congradac and Kulic, 2009). The single 
objective function was the reduction of energy costs of chiller 
where the chiller kWh was optimised based on the allowable 
range of CO2 concentration in return air; the outside air CO2 
concentration is calculated at 300 parts per million (ppm). 
Optimisation using genetic algorithm from MATLAB while the 
chilled water system was simulated using EnergyPlus. The 
study showed that the lower the CO2 concentration in return air 
towards that of the outside air, more outside air must be taken 
in, which resulted in an increase in the chiller kWh to cool the 
water.  
Optimisation using evolutionary algorithm such NSGA-II (Deb et 
al, 2002) and SPEA2 produce more robust and diverse results 
that are more efficient compared to traditional trial-and-error 
approach. They are valid for new as well as existing building 
and HVAC system designs. 
Most of the optimisation problems have two objective functions, 
mainly minimisation of total energy consumption and 
maximising thermal comfort of occupants, even though there is 
one study where the objective function in question is treated as 
a constraint. Almost all of the studies were conducted involving 
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occupants in offices and residential areas and rarely, if at all, 
involved the occupants in hospitals, much less for buildings and 
HVAC system for critical hospital areas with continuous 
operation of its HVAC system such as an isolation room. For 
different climates the design solutions proposed by the 
algorithm differed considerably. The same building layout 
needs to have different design components according to the 
climate it is located in order to optimise its environmental 
performance. 
2.2.4 Summary 
A survey was completed on the methods of building 
optimisation. Recent research opted for a combined approach 
of using simulation with an evolutionary algorithm such as a 
genetic algorithm or evolutionary programming to arrive at a 
number of optimal solutions. Optimisation of HVAC system 
components and system control strategy has the minimisation 
of total energy use as the objective function. From the review, 
the optimised variables for new as well as existing installations, 
mainly involve system set-points. Finding a single optimum 
solution with a single-objective are rare in real-life building 
optimisation problems. From the literature survey, most 
problems have more than one design goal, usually concerning 
minimising energy cost and maximising thermal comfort. The 
aim of this research is to find a trade-off between energy use 
and risk of mould growth, this not having been researched to 
date. The nature of the problem is multi-objective since there 
are two design goals that need to be considered. Since the 
design goals need to be minimised, there is bound to be conflict 
between the two, and hence a trade-off. Using a coupled 
simulation with genetic algorithm (GA) is the most suitable 
method since the GA is capable of handling a large number of 
population of candidate solutions from a single simulation, 
these solutions then forming the trade-off between the energy 
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use and the risk of mould growth. The building construction, 
HVAC system and its control strategy are parameters to be 
optimised. 
2.3 Malaysian Hospital Design and Performance 
This section reviews literature on the design standards and available 
literature on healthcare facilities, with particular attention to design of 
isolation rooms. It then tries to relate the survey with the design of 
isolation rooms in Malaysia hospitals and how their actual 
performances compare against the existing design standards. 
2.3.1 Design Standards 
A number of design guidelines and standards are available for 
critical patient care areas such as the ASHRAE Standard 170 
(2008) for Ventilation of Health Care Facilities, the Guidelines 
for Healthcare Facilities (2006) by the American Institute of 
Architects (AIA), the Health Technical Memorandum 2015 on 
the Ventilation of Healthcare Buildings, and for isolation rooms 
by the Center for Disease Control and Prevention, or CDC 
(2005). However, design requirements for the ventilation of 
isolation rooms vary among these publications. There was also 
insufficient evidence or empirical data to support the minimum 
ventilation requirement for the isolation room (Li et al, 2007). 
Currently, there is no general design guideline for Malaysian 
hospitals, an issue made clear by Yau et al (2011). As a result, 
designers use the guidelines which are tailored to the 
temperate climate. The closest thing to the most relevant 
Malaysian building design manual is the Malaysian Standard 
MS 1525:2007 Code of Practice for all non-residential buildings, 
except there is no provision for healthcare buildings in this 
standard. The comparison between conditions set by the 
guidelines and standards can be seen in Table 2.2. 
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Table 2.2: Comparison of indoor design conditions  
Standards/ 
Code of Practice 
Indoor design 
temperature 
(°C) 
Indoor design 
relative humidity 
(%) 
Malaysian Standards MS 
1525:2007 
23 - 26 55 - 70 
ASHRAE Std 170-2008 21 - 24 Max 60 
AIA Guide (2006) 22-24 - 
 
2.3.2 Available Studies 
The research on isolation rooms were mainly focused on 
improving ventilation efficiency in order to provide thermal 
comfort and to prevent cross-infection across the room, such as 
modelling inter-zone air-flow between the isolation room and 
the adjacent spaces (Yik and Powell, 2003), and the degree of 
which the patients were being protected from contaminants 
using room differential pressures (Phillips et al, 2004). 
Maintaining indoor air quality (IAQ) in an isolation room involves 
very high ventilation rate to ensure the level of air 
contamination is as low as possible (as shown by Tung et al 
(2009), the air change rate can be as high as 24h-1). Providing 
natural ventilation by opening all windows in an isolation room 
is also a means of infection control, by having large amount of 
fresh air into the room for dilution (Qian et al, 2010;Lomas and 
Ji, 2009; Escombe et al 2007) that can match the rate achieved 
through  forced ventilation. However, this results in much higher 
ventilation rates than that recommended by ASHRAE and CDC. 
The HVAC system is not able to maintain the room RH with the 
introduction of outside moisture it is not designed to remove. 
Difficulty in maintaining thermal comfort conditions by using 
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only natural ventilation when the outdoor air is hot and humid is 
acknowledged by Qian et al (2010). 
There are also questions regarding the location of the facilities 
to take advantage of natural airflow, the suitable layout of the 
room that uses natural ventilation and also the required indoor 
conditions (Yam et al, 2011). The authors advocates a simple 
and cost-effective system of ventilation design that can be 
incorporated into new and retrofitted hospital general wards to 
complement available isolation rooms, based on air-ducted 
exhaust located at the ward ceiling level and higher non-
recirculating supply air flow rate of 12 air changes per hour     
(h-1). The approach was an alternative to a new isolation room 
design or a full scale refurbishment. 
Control methods to improve IAQ and reduce cross-
contamination have been included in isolation room design, 
such as Ultra-Violet Germicidal Irradiation (UVGI) in the HVAC 
ducting for killing pathogens (Memarzadeh and Jiang, 2000).  
The feasibility of using variable-air-volume (VAV) strategy to 
reduce energy consumption in isolation room was also 
considered (Kim and Augenbroe, 2009). The authors argued 
that the selection of a suitable ventilation operation for an 
isolation room must go beyond taking an operational approach. 
The organisational behaviour, such as the preferences of the 
decision makers, needs to be taken into account. The multi-
criteria performance assessment was then proposed. 
A number of works on the tropical hospitals is worth a special 
mention. An attempt was made to review the ventilation of 
multiple wards based on the existing guidelines and codes 
devised in temperate countries that are used in tropical 
countries by Yau et al (2011). The authors highlighted the 
existence of a gap in knowledge in ventilation studies between 
the tropical and the temperate climates. The gap includes 
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method of appropriate ventilation requirements and engineering 
controls that are specifically developed for tropical hospitals, 
with specific attention on multiple-bed wards. 
What the studies above have highlighted were the need to have 
a more comprehensive research on the energy saving 
measures for the tropical hospitals and a separate body of 
knowledge of the design requirements tailored specifically for 
tropical hospitals to achieve.  The studies by the authors above 
have also led the way on the search for an alternative heat 
recovery device to reduce energy consumption and meet the 
standards of indoor air quality as well as thermal comfort of 
patients living in tropical countries, as shown in the extensive 
studies on the HPHX in operating rooms and an orthopaedic 
ward.  
A study was done regarding a new energy recovery approach 
for Malaysian hospitals but only for operating rooms, in which a 
heat pipe heat exchanger (HPHE) system was proposed (Yau, 
2006 and 2008). It is therefore critical to consider energy 
recovery in isolation room since considerable energy is used to 
cool and dehumidify outside air to maintain strict IAQ and 
exhaust it entirely. The need is more urgent in the hot and 
humid climate where the ambient air has much higher moisture 
content and latent enthalpy.  However, the application of HPHX 
system reviewed was based on the chilled water system while 
this research attempts to represent the system that is installed 
in a number of isolation rooms in Malaysian hospitals by 
considering the DX system. The chilled water system is able to 
achieve low sensible heat ratio (SHR) of 0.4 (Yau and Ng, 
2011) which cannot be matched by the DX coil without a drop in 
its efficiency.  
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In Malaysia, the normal design equipment selection for the 
isolation room HVAC system is a simple re-heat system with no 
energy recovery mechanism. In view of the research mentioned 
previously, there is potential for energy reduction by putting 
energy recovery alone. 
In the case of Malaysia hospitals, the traditional design of using 
full-fresh constant air volume (CAV) for the isolations is still in 
being practiced but without incorporating any form of energy 
recovery mechanism. Furthermore, the research reviewed 
above mostly focuses on the need to control the spread of 
infection and on the thermal comfort. To name a few examples, 
Balocco and Lio (2010) studied the aspects of architecture and 
the ventilation effectiveness of isolation room. From the 
infection control angle, a method based on difference in 
pressure between the isolation room and its surroundings was 
attempted (Adams et al, 2011). However, the study that is 
specific on energy consumption and/or recovery in isolation 
rooms in the hot and humid climate is almost non-existent.  
In the context of ventilation, previous research has not 
considered an isolation room which has different minimum 
required air change rate for isolation room of 12 air change per 
hour (h-1) as opposed to 30 h-1 for Operating Theatres (OTs) 
and 6 h-1 for wards. The difference between the isolation room 
and the wards is that it is required for the room air in the 
isolation room to be exhausted entirely to the outside 
environment whereas re-circulation of return air is allowed for 
the wards. However, the fact that energy saving can be 
achieved with both OTs and wards imply that the same case is 
possible for the isolation room. 
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2.3.3 Measured Performance 
Studies on environmental conditions in hospitals in Malaysia 
are very limited. There is also no known publication on the 
overall building and HVAC system performance for isolation 
rooms in Malaysia to measure against the design standards, 
which makes validation of the design practice difficult. An 
alternative is by observation using Building Performance 
Simulation and verification using studies on HVAC systems in 
tropical climates and publication on other occupied areas in 
Malaysian hospitals. 
Only recently has a study of this nature been conducted, but 
more of a quantitative survey rather than a verification of design 
practice. Yau and Chew (2009) conducted a survey on thermal 
comfort of hospital workers, on four hospitals in Malaysia. They 
observed that the occupants were operating within temperature 
range between 20.0°C to 32.2°C, which was higher than the 
standard comfort criteria set by ASHRAE Standard 55. The 
indoor RH range recorded in the survey was between 44% and 
79%. This observation was higher than 30%-60% range 
required by ASHRAE Standard (2003). Yau and Chew (2009) 
proposed that a dedicated standard for tropical hospitals to 
satisfy the comfort level in the tropics without compromising the 
health and safety requirements be developed, with a comfort 
temperature range of between 25.3°C and 28.2°C, based on 
their findings. However, there is no suggested range of indoor 
RH and there was no discussion on whether increasing the 
temperature range would have an impact in energy use. The 
survey also excluded critical patient areas like isolation rooms. 
On the aspect of IAQ in a hospital and its relation to mould 
growth, a walk-through survey was undertaken by Khew et al 
(2007) on the 700-bed Malaysian hospital. Observations in the 
library, auditorium and levels 2 and 3 revealed the indoor RH of 
between 70 and 90% despite the maximum indoor design RH 
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of 60%. It was also concluded that the air-conditioning 
operation strategy did not consider low occupancy requirement. 
This study was limited to the non-critical areas and it can only 
be assumed that there is potential mould growth problem in the 
critical areas. It also did not comment on the whether the indoor 
RH was deliberately set beyond maximum design value as a 
measure to improve thermal comfort level or as to save energy. 
2.3.4 Summary 
There is no agreement among the available design standard 
and guidelines on the indoor conditions for the isolation rooms. 
Furthermore, there are also no available standards for 
Malaysian hospitals design and performance. In consequence, 
the Malaysian hospitals design is not actually tailored to local 
climate. At the moment, there is no research on isolation room 
energy performance in Malaysia. The aim of this research is to 
use the publications available in Malaysia regarding the 
suggested temperature range and indoor RH and come up with 
an alternative design of an isolation room for the purpose of the 
simulation and optimisation.  
2.4 Chapter Summary 
The literature survey on existing mould growth models was conducted, 
with the different approaches to mould growth prediction, their benefits 
and limitations explained in detail. The mould growth model must be 
able to incorporate temperature, surface RH and time taken for mould 
species to grow, since the three parameters are interlinked; the 
temperature and RH range must be relevant to the hot and humid 
climate, and should be relevant to a range of mould species. In view of 
the requirements, an approach using Lowest Isopleths for Mould (LIM) 
developed by Sedlbauer (2001) was selected for this research since it 
incorporates surface temperature, surface RH, and the spore 
germination time.  
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A survey was done on the methods of building optimisation. From the 
literature survey, most problems have more than one design goal, 
usually concerning minimising energy cost and maximising thermal 
comfort. The aim of this research is to find a trade-off between energy 
use and risk of mould growth, which is not attempted yet. The nature 
of the problem is multi-objective since there are two design goals that 
need to be considered. Using a coupled simulation with genetic 
algorithm (GA) is the most suitable method since a GA is able to 
handle a large number of candidate solutions from a single simulation 
(the candidate solutions then forming the trade-off). The building 
construction, HVAC system and its control strategy were parameters 
considered to be optimised. With regards to isolation room design, 
there is no agreement among the available design standard and 
guidelines. At the moment, there is no research on isolation room 
energy performance in Malaysia. Therefore, one of the strategies 
taken in the research is to use the indoor temperature and relative 
humidity ranges based on studies reviewed in previous sub-sections 
to help define the scope of optimisation of the HVAC control systems.  
Chapter 3 gives a detailed description of two other key components of 
this research, namely the building performance simulation (BPS) and 
the optimisation method, with particular attention to solving multi-
objective optimisation problems (MOOP). 
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Chapter 3 
Building Performance Simulation (BPS) 
and Optimisation Method 
 
Chapter 2 gave a literature survey on the mould growth models, building 
optimisation, the HVAC system and HVAC system operation optimisation, as 
well as hospital design and performance. This chapter gives an overview on 
building performance simulation (BPS) and the selection of a suitable BPS 
for this research. It also gives a brief overview of multi-objective optimisation 
and as well as selection of a suitable optimisation method. The chapter 
structure is given in Figure 3.1. 
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Figure 3.1: Structure of Chapter 3 
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3.1 Selection of Building Performance Simulation (BPS) 
This section gives an overview of the building performance simulation 
program, as well as the heat and moisture transfer modelling in a 
building and through building envelope, makes a brief comparison of 
the existing building performance simulation, and describes, with the 
justifications, the selected building performance simulation. 
3.1.1 Overview of Existing BPS 
Existing BPS programs analyse and predict the energy 
performance of a building based on construction parameters 
such as the orientation or glazed area, the boundary conditions 
like the ambient or indoor conditions, and system parameters 
like the idealised HVAC system. Programs like EnergyPlus, 
TRNSYS and ESP-r have contrasting capabilities in modelling 
the heat and mass transfer across and within the building 
envelope (Crawley et al, 2008).  
 
Another physical property considered in the BPS is indoor air 
humidity which depends on factors such as hygrothermal 
properties of air and the building materials and their response 
to moisture transfer across the building envelope. Humidity has 
an impact on the energy performance of a building and the 
conditions of the surfaces (Woloszyn and Rode, 2008). To 
address the issue, a whole-building simulation concept was 
introduced in which building hygrothermal analysis was 
incorporated into BPS program (this being known by the  
generic term called Heat, Air and Moisture model, HAM). The 
HAM analysis has been developed in recent research to include 
coupled heat and moisture transfer simulation for air-
conditioned buildings in countries with different climates such 
as Paris and Hong Kong (Qin et al, 2009) to investigate the 
influence of hygroscopic materials on energy performance of 
buildings. Conducting comprehensive building hygrothermal 
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analysis requires five categories of knowledge (Straube and 
Burnett, 2001), as follows: 
 
a) Geometry of building enclosure such as the building height 
and its construction details. 
b) Boundary conditions of the interior environment, exterior 
environment, and between the construction elements. 
c) Material properties and how they respond to parameters 
such as temperature and moisture content. 
d) Physics, chemistry, thermodynamics, and mathematics of 
combined heat, air and moisture transport in the building. 
e) Performance thresholds of a material or construction 
assembly below which the performance will be considered 
to have failed.  
 
A number of advanced models like WUFI (1995) have been 
developed to evaluate moisture conditions of the building 
surfaces. The complexity of the models depends on number of 
dimensions the models are capable of, whether it is two or 
three-dimensional, the degree of complexity being linked to 
accuracy. Since proprietary programs like WUFI are 
independent and solely handle the hygrothermal performance 
of a building, they must be coupled with other programs to 
simulate the wider building performance; this results in an 
increase in computational time. 
 
An attempt was also made to reduce computational cost in heat 
and moisture transfer analysis where the full-scale test cycles in 
a coupled heat and moisture transfer model was shortened 
from a year to a number of months without compromising the 
simulation accuracy (Fang et al, 2009). 
 
In addition to the whole building approach, alternative is to 
evaluate energy performance of a building using so called co-
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simulation. The aim is to address the issue of limited scope of 
the modelling library of an individual simulation program. 
Simulation accuracy is enhanced by enabling combination of 
component and system models that are available in different 
simulation programs, as shown by Trcka et al (2007) by 
coupling TRNSYS with EnergyPlus so that the library of HVAC 
components in TRNSYS can be used together with the library 
of building models in EnergyPlus. 
 
Currently uncertainty and sensitivity analyses incorporated in 
simulation programs are limited to uncertainties relating to 
material properties (Struck et al, 2009). 
In conceptual design context, it is also expected in the future 
that BPS can address typical conceptual design issues such as 
wall-to-window area ratio. 
3.1.2 Requirements and Selection of a BPS Program 
Selecting a building performance simulation (BPS) program is 
subject to a few requirements that need to be considered for 
this research. Firstly, mould growth on internal surfaces of a 
building is a result from the heat and moisture transfer process 
across a building envelope. Therefore the dynamic thermal heat 
transfer, moisture transfer and storage in building materials 
must be analysed and evaluated by the simulation program. 
 
Secondly, one of the objectives of the research is to minimise 
HVAC system energy consumption, and to identify a trade-off 
between the HVAC energy consumption and the risk of mould 
growth. The simulation program must therefore be able to 
simulate the impact the HVAC system performance and 
controls have on the modelled zone and its surface conditions. 
 
Finally, in a real world problem, there are external factors that 
may influence indoor design conditions. One such factor is the 
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ingress, or infiltration, of outside air into a room that is air- 
conditioned continuously and is supposed to be fully sealed. 
The ingress can occur through user intervention, where 
occupants have been known to open windows to let in fresh air 
coming into a patient room as a means of adjusting thermal 
comfort level, or through a crack or an opening in the building. 
User behaviour also has an impact on the room condition, 
surface condition and the HVAC energy consumption, and 
needs to be taken into consideration in design and simulation. 
 
A number of modelling software tools give results of high 
accuracy using detailed 3-dimensional (3-D) heat and mass 
transfer modelling. Proprietary simulation programs provide 
results with regards to systems operation with modelling 
flexibility, such as TRNSYS for the HVAC and refrigeration 
plant, and WUFI®2D, which is a dedicated 2-dimensional (2-D) 
simulation model that evaluates the hygrothermal processes 
inside the building envelope. However, getting higher accuracy 
means more complexity of the modelling and results in the 
simulation being too time consuming. Since WUFI and 
TRNSYS are specialised software modelling one part of 
building parameters, for example, building physics or operation, 
simulating overall building parameters would require coupling 
with other BPS, a process called co-simulation, to realise the 
characteristics required in the research. There is a need to 
strike a balance between reducing the computing time due to 
complexity and having sufficient accuracy. 
 
An integrated approach that combines the mass and heat 
balance with the hygrothermal analysis capability, while at the 
same time fulfils the said requirements is preferred. This 
provides sufficient accuracy without incurring computational 
cost associated with the interfacing of two independent BPS 
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programs. Recent versions of the BPS EnergyPlus (Crawley et 
al, 2001) now include modules for HAM analysis.  
 
3.1.3 Overview of EnergyPlus 
EnergyPlus is a modular, structured code building performance 
simulation software based on features and capabilities of two 
earlier simulation programs DOE-2 and BLAST, and has input 
and output of text files (Crawley et al, 2001, 2008). Innovative 
simulation features of EnergyPlus include variable time-step, 
and user-configurable modular systems that are integrated with 
heat and mass balance-based zone simulation. Keeping up to 
date with the movement of integrating hygrothermal analysis of 
building envelopes into current BPS programs (Woloszyn and 
Rode, 2008), a 1-dimensional (1-D) heat and moisture transfer 
algorithm was developed and incorporated, based on the study 
by Kunzel (1995) on the simultaneous heat and moisture 
transport through building materials. The description of this new 
model is described in section 3.1.5. EnergyPlus is categorised 
as a multi-room thermal model, in which multiple rooms or 
zones are interconnected via heat flow and airflow paths 
(Megri, 2007).  
3.1.4 Heat Balance Equation in EnergyPlus 
 
The underlying building thermal zone calculation method in 
EnergyPlus is a dynamic-state heat balance model in which 
room air is modeled as well stirred with uniform temperature 
throughout (Crawley et al, 2001) 
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The basis for the zone and air system integration is to formulate 
energy and moisture balances for the zone air and solve the 
resulting ordinary differential equations (EnergyPlus, 2010). To 
demonstrate the capability of EnergyPlus in simulating and 
quantifying heat transfer in a building, the incorporated 
zone air heat balance algorithm incorporated is described 
in the following dynamic –state equation expressed in (1) 
( ) ( ) ( ) ( )1inf
111
syszpzzip
N
i
izsi
N
i
ii
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i
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z QTTCmTTCmTTAhQdt
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Where 
=∑
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   sum of the convective internal loads, 
( ) =−∑
=
zsi
N
i
ii TTAh
surface
1
 convective heat transfer from the 
zone surfaces, 
( ) =−∑
=
zzip
N
i
i TTCm
zones
1
 heat transfer due to inter-zone air 
mixing, 
( ) =−∞ zp TTCminf  heat transfer due to infiltration of 
outside air, 
=sysQ    air systems output, 
=
dt
dTC zz  energy stored in zone air with 
respect to time 
Tpairz CCC ρ= ; 
=airρ    zone air density, 
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=pC     zone air specific heat, 
=pC     sensible heat capacity multiplier. 
If the air capacitance is neglected, the steady-state systems 
output is expressed as follows: 
( ) ( ) ( ) ( )2inf
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===
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Equation (2) is used to obtain an estimate of the air system 
energy required to balance the equation with the zone air 
temperature equal to the set-point temperature. 
sysQ  , which is the energy provided to a conditioned zone is 
then formulated as the difference between the supply air 
enthalpy and the enthalpy of the air leaving the zone, 
expressed in (3) 
( ) ( )3sup zpsyssys TTCmQ −=  
 
Equation (3) assumes that the zone supply air mass flow rate of 
air is equivalent to the sum of the air flow rate leaving the zone 
through the system return air plenum and exhausted entirely 
from the zone. Both the return and exhaust air streams exit the 
zone at the zone mean air temperature. sysQ  is then simulated 
to obtain actual system capability and used in the zone 
temperature update equation (4) to calculate the resulting zone 
temperature, tzT  . 
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The equation (4) is a dynamic-state third order finite difference 
approximation to allow for larger time steps in simulation 
without affecting the stability of the simulation (Taylor et al, 
1990). Similar to the zone air temperature, the zone air 
moisture, in terms of humidity ratio is calculated using the sum 
of latent load components expressed in (5) as follows: 
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ρ  convection to the zone 
surfaces 
( )=−∑
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  multi-zone airflow latent loads 
( )=−∞ tzWWminf   infiltration latent loads 
( )=− tzsys WWm sup  system latent loads 
=WC     humidity capacity multiplier 
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3.1.5 Heat and Moisture Transfer (HAMT) model 
EnergyPlus incorporated several heat balance algorithms such 
as Conduction Transfer Functions (CTF), and Conduction Finite 
Difference. The moisture transfer modelling was based on the 
Effective Moisture Penetration Depth (EMPD) algorithm, 
coupled with CTF. The EMPD algorithm is a simplified, lumped 
algorithm that simulates surface moisture adsorption and 
desorption in building materials and assumes that a thin layer of 
moisture close to the wall surface behaves dynamically and 
exchanges moisture with the air domain when exposed to cyclic 
air moisture pulses (Kerestecioglu et al, 1989). 
The International Energy Agency (IEA) Energy Conservation in 
Buildings and Community Systems Programme (ECBCS) 
Annex 41 (Rode and Woloszyn, 2007) addressed the need for 
an increased understanding in heat, air and moisture responses 
by a building. As a result of this newly developed Annex, an 
enhanced moisture transfer modelling for building envelopes 
called combined Heat and Moisture Transfer (HAMT) model 
was integrated into EnergyPlus. The HAMT is a completely 
coupled, quasi -dynamic model that simulates the movement 
and storage of heat and moisture in surfaces, based on the 
study of 1-Dimensional calculation of simultaneous heat and 
moisture transport in building components by Kunzel (1995). 
The solution algorithm is able to provide temperature and 
moisture profiles of surfaces with high surface humidity, the 
components of which are expressed in equation (6).  
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Where, 
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=
∂
∂
T
H
 Moisture dependent heat storage capacity 
(J/m³°C) 
=T   Temperature (°C) 
=∆τ   Time step between calculations (s)  
=k w   Moisture dependent thermal conductivity (W/m°C) 
=hv   Evaporation enthalpy of water (=2,489,000 J/kg) 
=δ   Vapour diffusion coefficient in air (kg/msPa) 
=µ  Moisture dependent vapour diffusion resistance 
factor (-) 
=x   Distance (m)  
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In the context of moisture transfer through building envelope, 
the moisture balance equation was represented in equation (2). 
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=
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w
 Moisture dependent moisture storage 
capacity (kg/m³) 
=Dw  Liquid transport coefficient (m²/s)  
The first term from the equation (2),
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, describes the transport of 
vapour.  
 
The hygrothermal properties of the building materials required 
in the HAMT algorithm are porosity, moisture content, sorption 
isotherm, suction, redistribution, diffusion, liquid transport 
coefficient, vapour diffusion resistance factor, and thermal 
conductivity. 
The materials database in the HAMT model is limited to six 
generic building materials provided for in the EnergyPlus 
Reference Data Sets (Kumaran, 1996), namely concrete, 
spruce wood, plywood, cellulose and fibreglass insulation, and 
plasterboard. Since the research is based on the hospitals in 
Malaysia, it is necessary to include construction materials 
usually used in hospital buildings in Malaysia. The physical and 
hygrothermal properties of additional building materials are 
taken from Kunzel (1995), and the WUFI® 5 Light database, 
which is a 1-Dimensional moisture transport simulation 
program, Kumaran (2001), and the ISO 10456 Standard (2007), 
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for the hygrothermal properties of building materials and 
products. 
EnergyPlus uses HAMT model to simulate the movement and 
storage of heat and moisture is surfaces simultaneously from 
and to both the internal and external environments. From the 
simulation input (room temperature and room relative humidity 
set-points), the HAMT helps to identify wall surfaces with high 
surface RH based on the moisture content of the construction 
materials that make up the wall/roof assembly. The surface RH 
that are obtained as EnergyPlus simulation output is inserted 
into the mould growth model equation to determine whether the 
surface conditions pose a risk of mould growth. Further 
discussion of this is given in Chapters 4 and 5. 
3.1.6 Recent Research and Discussion 
The coupled heat and moisture transfer model approach still 
finds favour in recent research, such as that by Qin et al (2009), 
where a coupled heat and moisture transfer model was 
developed to investigate the effect of moisture transfer on 
indoor air humidity and building energy consumption for hot and 
humid, as well as for the temperate climate. The system model 
was implemented in MATLAB-Simulink and validated using a 
series of published testing tools. The coupled heat and 
moisture transfer model was further developed by coupling it 
with the multi-zone indoor airflow to investigate the impact of 
moisture transfer on indoor air humidity and building energy 
consumption on hot-humid, dry, and hot-dry climates (Qin et al, 
2011). 
A similar approach was taken by Steeman et al (2009) by 
integrating a 1-Dimensional model for coupled heat and mass 
transfer (HAM) in porous materials into the building energy 
performance simulation program TRNSYS in order to simulate 
the response of a multi-zone building on moisture buffering 
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effects. This was done by coupling both the heat and mass 
conservation equations of HAM and TRNSYS. 
In this research, the optimisation process requires thousands of 
simulations to find a solution, and therefore it is necessary to 
have a compromise between modelling accuracy and 
computation time. The recent research reinforces the argument 
that it is more advantageous to take the coupled approach as it 
provides sufficient accuracy of results with reduced computing 
cost. Although a 3-dimensional description of the heat and 
moisture transfer is desirable to provide highly accurate 
evaluation of building surfaces, the reduced complexity and 
computation time is the priority in this research. Using 
EnergyPlus as a one dimensional, steady-state simulation with 
the integrated HAMT algorithm would be sufficient to simulate 
the hygrothermal condition of building surfaces. Employing a 
dedicated moisture modelling program such WUFI-2D along 
with EnergyPlus simulation would be computationally 
expensive, without further taking into account the optimisation 
phase.  
3.1.7 Summary 
BPS has different capabilities in evaluating energy performance 
of a building.  Apart from the analysis of HVAC systems, more 
complex parameters such as hygrothermal properties of 
materials, and user behaviour, are being included to enhance 
the accuracy. However, increase in the complexity of simulation 
results in the increase of computing cost. For this research, the 
simulation process is interfaced with the optimisation process 
(section 3.2) and also the mould growth risk model (Chapter 
4). Therefore, the BPS must be able to simulate the dynamic 
indoor conditions, the dynamic heat and moisture transfer and 
storage across and inside the building envelope, the 
performance of the HVAC systems and controls in as short 
computing time as possible. Simultaneously, it must be able to 
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offer sufficient accuracy for the modelling of the physics and 
operation of a building to be valid. The requirements listed 
dictate the choice of BPS. One approach is to use a whole 
building program that is able to fulfil the said requirements with 
suitable accuracy. EnergyPlus is an example of the approach 
with 1-D heat and moisture transfer analysis capability 
providing sufficient accuracy for modelling the energy 
performance of the zone and also the conditions of the internal 
surfaces.  
3.2 Selection of the Optimisation Method 
 
The selection of an optimisation algorithm is based on its ability to 
solve building optimisation problems, and in this research, its potential 
to identify the trade-off between the design goals, or the objective 
functions, of minimum HVAC energy use and minimum risk of mould 
growth. In addition to the two design goals, the algorithm must also 
compute a number of variables that may affect the extent to which the 
design goals would be achieved. The algorithm must also be able to 
be integrated with the selected building performance simulation 
program, in this case the EnergyPlus that was described in section 
3.1. This section gives a brief overview on the multi-objective 
optimisation approach, one which is relevant to the research problem 
since there is more than one objective to be optimised. A brief 
description of the genetic algorithm (GA) search method is given. The 
application of GA in building, HVAC system and HVAC control system 
optimisation is also discussed. Finally, the overall multi-objective 
optimisation approach of a Non-dominated Sorting Genetic Algorithm-
II (NSGA-II) is presented. 
3.2.1 Multi-Objective Optimisation (MOOP) 
This research aims to investigate the optimum trade-off 
between energy use and the risk of mould growth, there 
therefore being two objectives of the optimisation. The focus of 
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this section is therefore on multi-objective optimisation 
methods, although single-objective optimisation is also 
mentioned. 
 
The main aim of a single-objective optimisation is to find a 
global optimal solution, or the best design solution, resulting in 
an optimal value for the single objective function, which is either 
a maximum or a minimum. Therefore, single-objective 
optimisation only involves decision variable search space in 
which the goal was always to find the global optimum solution, 
although the search space may have a number of local optimal 
solutions (Deb, 2004). However, it is instructive that this is only 
the case if the solutions are constrained to be in a pre-defined 
region of the solution space in some way.  
Multi-objective optimisation (MOOP), is operated to find a set of 
solutions that match the two goals shown in Figure 3.2; the first 
goal of the search is to find a set of solutions as close as 
possible to the Pareto-optimal front, and the second is to find a 
set of solutions as diverse as possible along that front (Deb, 
2004).  
 
 Figure 3.2: Goals of multi-objective optimisation (Deb, 2004) 
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This second goal is specific to MOOP since a good trade-off 
with respect to the Pareto optimality defines a set of optimal 
trade-offs where all objectives are equally important. MOOP 
improves decision making where the best compromise solution 
can be chosen based preference information, after the Pareto 
optimal set is found, a posteriori. 
 
In a MOOP problem, there is more than one objective functions 
to be optimised, each of which has a different individual optimal 
solution.  If there is sufficient difference in the optimal solutions 
with respect to the objective functions, the objective functions 
are said to be in conflict with each other. The conflict between 
objective functions gives rise to a set of optimal solutions in 
which no one solution can be considered to be better than any 
other with respect to the objectives. Each element in the 
Pareto-optimal set constitutes a non-inferior solution to the 
multi-objective problem (Fonseca and Fleming, 1993). The non-
inferior solutions are also termed “non-dominated” solutions. 
Any attempt to improve their optimality with respect to one or 
more objectives results in a decrease in optimality with respect 
to one or more other objectives (De Jong, 2006). For this 
reason, these solutions are called Pareto optimal solutions and 
they are all equally optimal.  
Multi-objective optimisation problems are generally expressed 
mathematically as in (3): 
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A solution x is a vector of n  decision variables, where x 
( )Tnxxx ,...,, 21=  , jg is an equality constraint function, kh is an 
equality constraint function for the objective functions, while ( )Lix
and ( )Uix  is called a variable bound where the variable ix  is 
restricted to take a value within ( )Lix  lower bound and 
( )U
ix  upper 
bound. If a solution x satisfies the constraints and the variable 
bound, it is known as a feasible solution. If it does not, it is 
known as an infeasible solution. A region that constitutes a set 
of feasible solutions is called a feasible region, or decision 
variable space, as shown on the left of Figure 3.3. 
This definition is identical for a single-objective optimisation 
problem, except that there is only one objective rather than m
objectives ( 1=m ). Another difference between single and multi-
objective optimisation is that in addition to the decision variable 
search space for variables x1,x2,…xn, there is a separate multi-
dimensional space for the objective function, called object 
space, denoted by z on the left of Figure 3.3. For every feasible 
solution x, there exists a point in the objective space. More 
comprehensive explanation on MOOP can be found in the work 
by Deb (2004). 
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It is worth remembering that in this research there are two 
design goals, namely the minimisation of HVAC energy 
consumption and the minimisation of the risk of mould growth 
on the wall surfaces. Figure 3.4, illustrates that having both 
objective functions minimised results in the Pareto-optimal 
front.  
 
Figure 3.3: Decision variable search space and objective 
function search space for multi-objective 
optimisation (Deb, 2004) 
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Building optimisation problems are real world problems, since 
there is more than one objective to be achieved, such as 
minimising or maximising total building energy consumption, 
insulation material cost, or thermal comfort of occupants 
(Wright et al, 2002). Since they are real world problems, there 
are also design and operating limits that need to be considered 
pertaining to building construction and control strategy of HVAC 
system.  
The solution of a practical problem may be constrained by a 
number of restrictions imposed on the decision variable 
(Fonseca and Fleming, 1998). The design variables, such as 
the design room temperature, design room relative humidity, 
and supply air flow rate, are given specific operating range by 
the standards and the guidelines, either above or below which 
would have affected thermal comfort, air quality, or plant 
efficiency.  Therefore restrictions, or constraints, are imposed 
on optimisation variables, guided by the guidelines regarding 
the indoor environment and HVAC system design to ensure 
Figure 3.4: Objective space for two minimum objective 
functions (Deb, 2004) 
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thermal comfort of occupants; limits taken into account in the 
research are based on construction and HVAC system.  
In context to the construction, the constraints are on the 
different types of wall assembly and the glazed area, in this 
case the window height and the range of window widths. On the 
HVAC system side, limits are imposed on room temperature 
and relative humidity set-points, and the air change rates into 
the room. A more detailed description of the variables and the 
constraints relating to this research can be found in Chapter 5. 
3.2.2 Genetic Algorithm (GA) Search Method 
The optimisation algorithm selected for use in this research 
must be able to solve building optimisation problems, and have 
the potential to identify the trade-off between the design goals 
of minimum energy use and minimum risk of mould growth. The 
algorithm must also be able to be integrated with the selected 
performance simulation. 
Wetter and Wright (2004) conducted a comparative study 
between deterministic and probabilistic optimization algorithms 
for non-smooth simulation-based optimization and indicated 
that in the solution of building optimization problems, 
conventional gradient or direct optimisation methods were 
outperformed by population-based probabilistic search methods 
such as a Genetic Algorithm. Genetic Algorithms have therefore 
been selected as the class of optimization method for use in 
this research. 
A GA is a guided, stochastic search technique which is one 
form of evolutionary algorithm (EA), which is based on the 
theory of evolution, and were pioneered by Holland (1975) and 
later popularised by Goldberg (1989). It is an iterative, or 
repetitive, and random process that operates on a finite set of 
points (solutions), called a population, and with each new 
population being called a generation. The method is based on 
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the survival of an organism, with the generations of new 
populations of organism being ensured by incorporating 
operators for fitness assignment, selection of points for 
recombination, and mutation of a point, all of which is shown in 
Figure 3.5.  
The process involves assigning a “fitness” to each individual 
solution, the fitness being derived from the design goals and 
constraints (these having been evaluated from the building 
performance simulations of the individuals design solutions).  
The process of generating a new population of solutions using 
three main operators, namely selection, crossover and 
mutation, is briefly described. A new population is constructed 
by selecting pairs of individuals from the existing population of 
solutions, the probability of being selected being in some 
proportion to the fitness of the solution. Two new pairs of 
solutions are then created by the process of 
recombination/crossover and mutation. The selection, 
recombination/crossover, and mutation sequence continues 
until the new population has been filled with solutions.  
Convergence of the solutions approaching to global or local 
optimum is normally controlled by fixing the maximum number 
of populations generated by the GA. The three main operators 
are described in more detail in sections 3.2.3 to 3.2.6. 
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Start 
Initialise population of solutions 
Evaluate fitness 
Select pairs of solutions for 
reproduction 
Recombination / 
Crossover 
Mutation 
End 
Maximum 
number of 
generations 
Insert new 
population 
New 
population 
full 
Stop 
No 
Yes 
No 
Yes 
Figure 3.5: GA Operations 
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The major differences between a GA and other conventional 
optimisation techniques include (Goldberg, 1989; Deb, 1999): 
a) GA operates with coded versions of the problem parameters 
rather than parameters themselves. That is, GA works with 
the coding of solution set and not with the solution itself. 
b) Almost all conventional techniques search from a single 
point but GA always operate on a whole population of points 
(solutions). 
c) GA use a fitness function, or objective function information, 
for evaluation rather than derivatives, or other auxiliary 
knowledge. As a result, they can be applied to any kind of 
continuous and discreet optimisation problem. 
d) GA uses probabilistic transition operators, or rules, while 
conventional methods for continuous optimisation apply 
deterministic transition operates. 
e) GA can be used in parallel machines since the 
recombination and mutation processes take place 
simultaneously with different processors. 
 
One of the characteristics of GA, or EA in general, is it works 
with a population of solutions, instead of one solution in each 
iteration, which is a feature of classical direct search or 
gradient-based method. The elements of directed and 
stochastic search are combined in the GA, making it more 
robust than the existing directed search methods. Working with 
a number of solutions provides the GA with the ability to 
capture multiple optimal solutions in one single simulation run 
(Deb, 2004), whereas other methods process a single point in 
the search space (Michalewicz, 1992).  
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3.2.3 Binary-coded and Gray coding GA 
Rather than operate on the variables directly, GA use an 
encoding of the variables. Coding variables in a binary string is 
used in order to have a pseudo-chromosomal representation of 
a design solution (Deb, 1999), mimicking the chromosomes that 
makes up a living cell. 
The encoding is based on a number of pre-determined 0 or 1 
bits to represent a parameter or variable. The number of bits 
determines the number of possible solutions for that particular 
parameter. Take for example a five bit string to represent a 
parameter, the possible number of alternative variable values 
would then be 25 = 32. A possible solution consists of a number 
of parameters/variables with different number of bits 
representing each of them, depending on the nature of the 
parameter, whether it is discrete or continuous.  
Gray coding is a method of coding parameters into bits which 
has the property that an increase of one step in the parameter 
value corresponds to a change of a single bit in the code 
(Wright, 1991), meaning the Gray code redefines the binary 
numbers so that consecutive numbers have a Hamming 
distance of one. 
Frank Gray (1953) proposed a novel binary coding, as a 
measure to avoid the error of coding, in order to improve the 
pulse code communication. By giving an example of the 
standard binary coding, Gray has shown that by changing a 
parameter value by a single unit, say from 7 to 8, the 
corresponding binary value is change from 0111 to 1000, where 
each of the binary value has been changed. This is due to the 
fact that the characteristic of the conventional binary number 
notation is such that a value change of unity is reflected in the 
simultaneous change in several of the digits. This condition is 
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known as the "Hamming Cliff" which brings about the difficulty 
of coding a continuous variable with binary coding. 
3.2.4 Binary Tournament Selection Operator  
The main objective of a reproduction operator is to identify and 
select good solutions in a population and make multiple copies 
of the good solutions to form a mating pool. Because of this, the 
reproduction operator is also known as selection operator (Deb, 
2006). Poor solutions are then eliminated from population, their 
place taken by the multiple copies of the good solutions, 
thereby keeping the population size constant (Deb, 1999). 
The tournament selection strategy provides higher probability 
for better candidate solution to be selected by holding 
tournament among Nts individuals, Nts usually being 2.  The 
winner of the tournament is the one with the highest fitness 
value of the Nts competitors and the winner is put into the 
mating pool. The tournament is then repeated until the mating 
pool is filled.  A schematic representation of the workings of the 
tournament selection is shown in Figure 3.6. 
 
 
Figure 3.6: Illustrated Principle Workings of Tournament 
Selection (after Yang and Soh, 1997) 
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Tournament selection works by first picking Nts individuals (with 
or without replacement of those individuals) from the population 
and then selecting the best of the chosen Nts individuals. If 
performed in a systematic way, this selection scheme can 
assign exactly Nts copies of the best individual to the mating 
pool at every generation.  
For this research, the binary tournament selection operator is 
used to select the parents (Nts = 2). As the name binary 
suggests, two solutions are picked from the population and 
compared. The better solution is chosen and placed in the 
mating pool, while the bad one is eliminated. The method is 
repeated with two other solutions going through the same 
procedure until a new population in the mating pool is created 
(Goldberg and Deb, 1991).  
3.2.5 Uniform Crossover Operator 
In selection phase, good strings (solutions) in a population are 
probabilistically assigned a larger number of copies and a 
mating pool is formed. No new strings are formed in this phase. 
Essentially, the selection operator only selects the best 
solutions from the population at the expense of the bad ones. 
As a result, the mating pool, although equal in size to the 
population, is made up of solutions from only a sub-set of the 
population, as shown in Figure 3.7.  
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The main reason for employing crossover is to increase the 
diversity of the population of solutions, since the selection 
operator is not meant to maintain, or diversify the population of 
solutions. As Figure 3.7 showed, the crossover operator 
restores the diversity of the population by creating offspring 
from parent solution and inserting the offspring into the 
population. 
Uniform crossover is regarded as a generalised form of single-
point crossover but it can also be seen as a form of mutation 
(mutation being described in section 3.2.6). For a single-point 
crossover, a point is selected at a certain location of bits for 
each of the two parent solution and the rest of the bits 
immediately after that point are swapped between the two 
parents to create a pair of offspring. In the uniform crossover, 
every bit from the parent chromosome has a potential to be 
swapped given a certain probability. Usually the probability p = 
0.5 is used. The graphical representation of the uniform 
crossover is shown in Figure 3.8. 
 
 
Figure 3.7: Impact of selection and Crossover Operators on 
Population (after Deb, 2004) 
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0 0 0 0 0 
 
1 0 0 1 0 
     
→ 
     1 1 1 1 1 
 
0 1 1 0 1 
 
 
3.2.6 Mutation Operator 
Mutation is another main operator in the GA and one that tends 
to increase the I see what you are trying to say, but mutation 
itself does not “search”, but it does increase the spread of 
solutions and therefore provide the search with more solutions 
to consider for use in generating the next population. 
 
In the binary-coded GA, the mutation operator changes the bit 
value from 1 to 0 or vice versa with a small mutation probability 
mp  (typically having a value that results in 1 or 2 mutations 
along the length of each chromosome).   
The need for mutation is to create a point in the neighbourhood 
of the current point, thereby achieving a local search around the 
current solution. The mutation operator alters a string locally to 
hopefully create a better string. It is also used to maintain 
diversity of population. However, this will only be the case for 
low mutation rates of 1 or 2 bits per chromosome. If the 
mutation rate is high and many bits are changed, then the 
solution will move away from the current point. If there is only 
one bit mutated, then only one variable value will change; 
therefore one could regard the search as local, even though 
that particular mutation could result in a big change in the value 
of a single variable. To illustrate how mutation works, a 
population of four eight-bit strings is considered based on 
explanation by Deb (2006). 
 
 
Figure 3.8: Uniform crossover 
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0 1 1 0 
 
1 0 1 1 
0 0 1 1 
 
1 1 0 1 
0 0 0 1 
 
0 1 1 0 
0 1 1 1 
 
1 1 0 0 
 
All the four strings have a 0 on the first bit position. If the true 
optimum solution requires 1 in that position, neither 
reproduction nor crossover is able to change the 0 in that 
position to 1. That is only with mutation where some probability 
( )
mp
N  of turning 0 to 1 is introduced.  
3.2.7 Parallel GA (PGA) 
The parallelisation of GA depends on how the fitness of a 
solution is evaluated and the mutation is applied, on whether a 
single or multiple subpopulation are used, on how individual 
solutions are exchanged if multiple subpopulations are used, 
and whether the selection is applied globally or locally. PGA is 
an effective tool to increase diversity of solutions, apart from 
reducing the computation cost. Since there is increased 
diversity, premature convergence due to small population can 
be avoided. 
The type of PGA used in this research that this section is 
focussed on is the most basic, called the master-slave 
parallelisation, also known as global parallelisation, master-
slave model, or distributed fitness evaluation (Nowostawski and 
Poli, 1999). Master-slave parallelisation uses a single 
population and the evaluations of individuals and/or the 
application of genetic operators are performed in parallel. The 
master stores the population, executes GA operations 
(selection, recombination and mutation) while several slave 
processors evaluate the fitness of individual solutions. A 
schematic of the master-slave parallel GA is shown in Figure 
3.9. Advantages of master-slave GA include exploring the 
search space in the same manner as a serial GA and being 
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easy in its implementation (Cantú-Paz, 1997). The 
disadvantage of it is the efficiency of the parallel algorithm is 
reduced as a result of increased communication cost between 
the master and the slaves as the number of slave processors 
increased. (Cantú-Paz, 1997; Cantú-Paz and Goldberg, 2000). 
However, the increased communication time between the 
master and slave has minimal impact in terms of building 
optimization as the total computation time is dominated by the 
time taken to simulate the performance of the building.  
 
. . .
MASTER
Slave
 
 
 
In this research, the optimisation is run on a computer having 8 
cores. In order to ensure that the computer had some capacity 
to perform other functions, the populations of solutions was 
evaluated using 6 parallel building performance simulations 
(that is 6 of the 8 cores at once, this allowing 2 cores free for 
other activity). 
3.2.8  GA in Building Optimisation 
GA has been widely used in the solution of optimisation 
problems, be it mathematical or engineering in nature. The 
effectiveness of GA as an optimisation tool has been compared 
Figure 3.9: Master-slave parallel GA (Cantú-Paz, 1997) 
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against the conventional search methods, such as direct search 
and Nelder-Mead method, in designing HVAC systems (Wright, 
1996), and its advantages of genetic algorithm over other 
optimisation methods have been extensively discussed (Wetter 
and Wright, 2004; Caldas and Norford, 2003).  
The application of GA to optimise controller parameters for 
HVAC systems was the subject of a study by Huang and Lam 
(1997) for automatic tuning of proportional, integral and 
derivative (PID) controller. This study was an example of 
simulation program being integrated into the genetic algorithm 
optimisation program; the dynamic simulation program in this 
case was HVACSIM+. It was shown that the adaptive tuning 
controller program based on GA is better in reducing overshoot 
and settling time (thereby increases stability) than that based 
on traditional general and random search algorithms such as 
Ziegler -Nichols method. 
In building construction optimisation, GA has been applied in 
maximising both thermal insulation and thermal inertia of 
multilayered walls (Sambou et al, 2009). Optimising the 
fenestration, with particular attention to the number of windows 
and window aspect ratio on a façade has also been attempted 
(Wright and Mourshed, 2009; Suga et al, 2009) as one of the 
measures to minimise building energy use, where binary 
encoded GA method was applied on the population of 
solutions.  
GA offers flexibility by way of coupling with building 
performance simulation like EnergyPlus in an effort to minimise 
annual energy use of a building (Wright and Alajmi, 2005), 
minimising either a single, or multiple design goals such as 
daily energy cost and zone thermal discomfort (Wright et al, 
2002; Wright and Farmani, 2001; Wright and Loosemore, 
2001), and simultaneously optimising building fabric 
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construction, HVAC system size and plant control strategy 
which achieved near optimum solutions (Wright and Farmani, 
2001; Wright and Loosemore, 2001).  
More recent studies on the application of GA in the HVAC 
systems and system operations optimisation were reviewed in 
Chapter 2, particularly recent researches by Congradac and 
Kulic (2009) regarding HVAC system optimisation with CO2 
concentration control ; Mossolly et al (2009) on the multi-zone 
buildings using multi-variable control strategy, Palonen et al 
(2009) regarding the newly developed GA based on NSGA-II 
and Omni-optimizer for optimisation of building envelope and 
HVAC system parameters, Gacto et al (2010) in tuning of fuzzy 
logic controllers in heating, ventilating and air conditioning 
systems using SPEA2, and Kusiak et al (2011) regarding the 
optimisation of existing HVAC system using strength pareto 
evolutionary algorithm with local search  (SPEA-LS). 
In the context of application of the general application to 
buildings, Shi (2011) proposed a general methodology in order 
to perform optimisation of architectural design, which consists 
of six steps. The first step is to study the background 
information of the design project, such as volume-to-area ratio, 
from the optimisation perspective. The second is to clearly and 
reasonably define the optimisation objectives; clearly in the 
sense of whether the design problem is single or multi-
objective, while reasonably in the sense of whether the 
objectives can be achieved through sound design, quality 
construction and proper operation. 
This is followed by determining the input and output variables. 
The input variables are which that can be changed to generate 
new design solutions. These variables are used as input to the 
simulation programs to calculate the output variables. 
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Minimising or maximising the output variables define the 
optimisation objectives. 
Another step is to define the constraints, ranges of the variables 
and steps, or resolutions. The input variables have a set of 
range defined by the constraints. The constraints in turn are 
guided by the design codes and standards as well as the client 
requirements. There is also a need to achieve a balance in 
selecting the suitable steps/resolution to reflect the design 
reality and avoiding too small steps so as to incur high 
optimisation time.  
The next step is to select the appropriate BPS program and the 
optimisation environment. This is then folllowed by establishing 
the workflow. Selection of the appropriate optimisation 
algorithm; depends on the optimisation objectives and what 
have been obtained in the previous steps, and finally to perform 
the optimisation, analysing results and determining the final 
design. 
3.2.9  Multi-Objective Optimisation Using NSGA-II  
The Non-Dominated Sorting Genetic Algorithm (NSGA) was 
proposed by Srinivas and Deb (1994). One of the main 
evolutionary algorithms developed to solve multi-objective 
optimisation, one of the characteristics of NSGA being 
implementing non-dominated solutions concept proposed by 
Goldberg (1989) and Fonseca and Fleming (1993) as a fitness 
assignment strategy. It was further replaced with NSGA-II (Deb 
et al, 2002), where non-dominated solutions are preferred for 
further generation and a sharing strategy that preserves 
diversity among the solutions are created. Figure 3.10 shows 
the how the NSGA-II is implemented. 
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A few innovations were added in which the computational 
complexity of non-dominated sorting is reduced by introducing 
fast non-dominated sorting procedure; introducing elitist-
preserving approach into the algorithm to prevent loss of 
already-found Pareto-optimal solutions from previous 
generation, also to increase the speed of the GA; and replacing 
the user-specified sharing perimeter with crowded-comparison 
approach, or a parameter-less niching operator, in order to 
maintain a diverse non-dominated set among population 
members and ensuring uniformly-spread Pareto front. These 
approaches adopted by NSGA-II were shown more clearly by 
Salazar et al (2006) in Figure 3.11 showing the two minimised 
objectives f 1 and f 2 which is more relevant for the research.  
 
 
Figure 3.10: NSGA-II procedure (Deb et al, 2002) 
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In the context of ranking as illustrated in Figure 3.11 (a), the 
front ranking of the populations are based on dominance 
criteria. Each solution is assigned a non-dominated rank, where 
a smaller number is assigned to a better non-dominated front, 
which denotes higher ranking. Therefore, solutions at Rank 1 
are preferred to solutions at Rank 2, which in turn are preferred 
to that at Rank 3. Figure 3.11 (b) illustrated a density metric 
called Crowding Distance, which is an explicit mechanism to 
preserve diversity of the solutions. For a particular solution of 
Figure 3.11: Rank (a) and cuboid (b) concepts used by  
NSGA -II (Salazar et al, 2006) 
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interest in a particular Pareto front, the density of solutions in its 
surroundings is estimated by taking average distance of two 
solutions on its either side along each of the objective, shown 
by the cuboid. Selection is done on the solutions with a higher 
rank (Rank 1 > Rank 2 > Rank 3>…). For the solutions that lie 
in the same rank, the crowding distance is used, where a 
solution with larger crowding distance than its neighbours is 
preferred. The Pareto-optimal front that consists of an ideal set 
of non-dominating solutions has good convergence and good 
distribution, is illustrated in Figure 3.12. 
 
  
 
Since NSGA-II was designed for multi-objective optimization 
but can also be used for single objective ones, application of 
NSGA-II in building optimisation is numerous. One example of 
a single objective optimisation application is a study on 
minimising the difference in investment for building construction 
(Palonen et al, 2009), while researches that use multi-objective 
optimization include HVAC control system to achieve building 
energy savings and to control building thermal comfort 
Figure 3.12: Ideal set of non-dominated convergence  
(Deb, 2004) 
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(Perfumo et al, 2010; Nassif et al, 2005). The NSGA-II can also 
be coupled with advanced neural network (ANN) to reduce 
building simulation run period in order to reduce building energy 
consumption and increase thermal comfort of occupants 
(Magnier and Haghighat, 2009). NSGA-II was also used in 
solving constrained reliability optimisation problem (Salazar et 
al, 2006).  
Another example of the integration of BPS into design 
optimisation program in architectural design was demonstrated 
in the study by Shi (2011) in finding the best insulation strategy 
to minimise the space conditioning load in an office building 
while at the same time minimising the insulation usage.  
A similar effort was made by Fialho et al (2011) but in the form 
a framework tool where the architects optimise the architectural 
and structural aspects of a building during early stage of design 
to minimise both the total building energy consumption and the 
construction costs; the energy consumption was based on the 
"Total Site Energy" in kWh, while the construction cost was 
based on the sum of the costs of the insulation materials used, 
in €/m2. This was achieved by combining EnergyPlus with a 
new multi-objective evolutionary algorithm derived from NSGA-
II concept in optimising angle of building and its wall insulation 
materials. The framework provides assistance to architects to 
save design time and at the same time explore energy-efficient 
design solutions. 
Another study worthy of note is one by, Chantrelle et al (2011) 
that focused on the renovation of buildings. It is common to 
optimise the building construction and systems operation with 
two objective functions. However, the authors developed a new 
optimisation tool MultiOpt, which is based on NSGA-II and 
handles four criteria, namely energy consumption, cost, life-
cycle environmental impact of building materials and thermal 
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comfort. The optimised variables were divided into the building 
envelope group and the shade control group; the building 
envelope group consisted of types of external wall, roof, ground 
floor, intermediate floor, partition wall, and window, while the 
shade control group is the threshold value of the illumination of 
the façade of the building, and the dead-band associated with 
the on-off controller. The high diversity of solutions generated 
from simultaneous optimisation of all the criteria made it difficult 
to select the most optimum solutions for each criterion. One 
approach taken by the authors was to retain the "best", or the 
minimum solution from each objective function, as shown in 
Figure 3.13, since the objective of the optimisation is 
minimisation.  
 
 
 
 
It can be seen that in the context of pareto optimality, a better 
result can be achieved when two objectives are considered 
simultaneously. Increasing the number of criteria to be 
optimised means that a number of criteria is treated as a single-
Figure 3.13: Multicriteria optimisation between investment and 
energy consumption (Chantrelle et al, 2011) 
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objective problem with only the “best” is selected while other 
optimal solutions are ignored. There is also a risk of increasing 
the complexity and computing cost, even though the number of 
population and the iteration can be low. 
3.2.10 Summary 
The design goals for this research are based on real world 
problems which indicate that there is more than just one 
objective function, or design goal, is considered. Having more 
than one design goals necessitates the usage of multi-objective 
optimisation (MOOP) to obtain as large a number of solutions 
that are as diverse as possible; due to its ability to generate a 
number of solutions at a single run, this can be achieved using 
a Genetic Algorithm.  
A binary encoding has been used in this research since it 
allows the optimisation of different variable types and also is 
able to be associated with crossover and mutation operators. 
The solutions are encoded into binary strings of zeros (0) and 
ones (1) for every variable. The binary tournament selection 
was selected as the reproduction operator. The uniform 
crossover is an extreme case of multi-point crossover where 
every bit in the parent solution string has equal probability to be 
recombined to produce a child solution.  
NSGA-II is a widely used GA based on the non-domination 
sorting of elitist solutions. Recent research on building 
optimisation revealed the common trend of optimising two 
objective functions, and increasing the number of objective 
functions increases the complexity in analysis and selection of 
optimal solutions. 
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3.3  Interlink of EnergyPlus with NSGA-II and Mould Risk 
Model  
 
The point at which the simulation phase interfaces with the mould 
growth risk analysis stage and the optimisation stage was shown in 
Figure 3.14. 
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The framework shown in Figure 3.14 is described as follows. 
Simulation input file contains design parameters defining the zone, 
among them the building materials used for wall layers with their 
hygrothermal properties, the room temperature and room relative 
Figure 3.14: Interlink of NSGA-II, EnergyPlus simulation and mould 
risk model. 
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humidity (RHroom)set-points. The building performance parameters 
from the simulation output data are room temperature and relative 
humidity, the room surface temperature and room surface relative 
humidity (RHsurface)for walls and the roof, and the DX coil total cooling 
energy. The parameters were then used during post-processing, 
where the surface conditions (room surface temperature and room 
surface relative humidity, RHsurface) were fed into the extended mould 
growth model for mould growth risk analysis. The detailed description 
of the mould growth model is given in Chapter 4.  
Evaluation of population P consists of treating the solutions as input 
data for simulation in EnergyPlus. The building performance based on 
the design parameters is represented by the simulation output file. The 
next step is to post-process selected data from the simulation output 
file. The data selected are room indoor temperature, Troom, room indoor 
relative humidity, RHroom , room surface temperature, Tsurface , room 
surface relative humidity, RHsurface  , and total cooling capacity of the 
HVAC cooling coil, EDXcoil .  Evaluation is made on the room indoor 
conditions to see whether they are maintained. The data used is from 
the last 32 days of the simulation period, the reason of which is 
explained in Chapters 4 and 5. The wall surface temperature and 
relative humidity of the last 32 days of simulation period are used to 
analyse the mould risk using extended mould growth model by 
Sedlbauer (2001). A more detailed explanation is given on the mould 
growth risk model in Chapter 4. 
Analysis with mould growth model is compared against the objective 
functions and the constraints, of which further explanation can be 
found in Chapter 5. The entire process shown at the right hand side of 
Figure 3.14 is the stage where the fitness of population P and the new 
population Q are evaluated. The population P is then sorted according 
to the dominance of a solution on the other with respect to the 
objective function, using a fast non-dominated sorting approach. 
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Crowding distance, shown as one of the optimisation steps on the left 
hand side of Figure 3.14, is a measure of assessing the density of the 
feasible solutions surrounding a particular point on a front. It calculates 
the distance between each solution point. Crowded-comparison 
operator guides the selection process of ranked non-dominated 
solutions towards a uniformly spread out Pareto-optimal front, where a 
solution with lower (better) rank is selected over the other. 
Alternatively, if both solutions belong to the same front the solution 
located in a lesser crowded region is preferred. Operators such-as 
cross-over and mutation are applied on the ranked solutions to create 
a new population Q.  
The number of good solutions in the population P is picked to be 
combined with solutions Q to form a new population R, and the 
population R replaces the population P as a current front with respect 
to the two objective functions. The optimisation process is terminated 
after the maximum number of function evaluations has been achieved.  
It is noted that the range of acceptable comfort for the room relative 
humidity (RH) is high at the upper end (80%). The reason it is so is 
because in practice, several areas in hospitals in Malaysia were 
operated at higher RH than they are designed for. This issue is 
addressed in further detail in Chapter 5. 
3.4 Chapter Summary 
A detailed explanation of the chosen BPS was given and EnergyPlus 
was selected based on the measure of the complexity and accuracy of 
the BPS in evaluating the room indoor and the surface conditions. The 
feasibility and advantages of using multi-objective optimisation with 
GA, with particular attention to NSGA-II was discussed, and the 
interface between simulation and NSGA-II was presented. The next 
chapter gives a more detailed description of the selected mould 
growth risk model and how it is further extended to make it numerically 
feasible to interface with the simulation and optimisation process. 
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Mould Risk Model 
Chapter 3 gave an overview on the existing building performance simulation 
(BPS) programs. The chapter also discussed the requirements of a building 
performance simulation (BPS) for use in this research and identified 
EnergyPlus as the suitable whole building simulation program. Similarly, the 
Non-Dominated Sorting Genetic Algorithm (NSGA-II), was identified as being 
a suitable algorithm for the simultaneous minimisation of both building energy 
use and the risk of mould growth. This chapter describes the formulation of 
the model for predicting the risk of mould growth, this model being derived 
from the isopleths described by Sedlbauer (2001), these having been 
identified in Chapter 2 as the most suitable indicators of mould growth. The 
chapter structure is given in Figure 4.1. 
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4.1 Mould Growth Model by Sedlbauer (2001) 
The aim of this research is to investigate the trade-off between 
building energy use and the risk of mould growth on the surfaces of a 
room. For a given substrate and fungus, the germination time and rate 
of mould growth is dependent on the time the surface is at a given 
temperature and relative humidity. Sedlbauer (2001) developed two 
generalised mould growth limit curves, or isopleths; one based on the 
hazard classes of fungi species, while the other is based on the 
substrate, or building materials categories. The available fungi species 
were divided into hazardous classes, with regards to the hazard they 
present to humans. The system that is based on hazard classes is 
further divided into two sets of 'models'; one for hazard class A and 
the other for classes B and C.  The hazard classes are defined as 
follows, based on work by Sedlbauer (2001, 2002): 
A. Fungus or its metabolic products are highly pathogenic; they 
should not be allowed to occur in occupied dwellings. 
B. Fungus is a pathogen when people are exposed to it over a 
long period of time, and it may cause allergic reactions. 
C. Fungus is not dangerous to health; fungal formation may 
however, cause economic damage. 
 
The selected mould growth curve used in this research is based on 
the generalised curve for fungi hazard classes B/C; class B is for the 
fungal species that may cause allergic reactions to humans if exposed 
for over a long period and class C is for the fungal species that is not 
dangerous to health, but whose growth may cause economic damage 
to building structures. The graphical representation of the mould 
isopleths based on the hazard class is shown in Figure 4.2. It is noted 
that the LIM for hazard class B/C is much lower than that for hazard 
class A. 
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Figure 4.2: Generalised Isopleth system for spore germination, valid 
for all fungi species or hazardous class A (top) and B/C (below), 
with “d” denotes days (after Sedlbauer, 2001) 
 
The reason the B/C curves were selected over hazard class A is that 
because the B/C curves, although they have a lower health risk, they 
also have lower germination RH/T isopleths, and therefore represent 
the lower limit of mould growth probably of any species. Isopleth 
systems for the hazard class B/C (LIM B/C): These systems are based 
on optimal culture medium substrates. Therefore, they provide the 
lowest prerequisites for relative humidity and temperature for the 
growth of fungi. Consequently, they are based on the limits for growth 
of all species of fungi. This means that growth of hazard class A fungi 
are also prevented when the boundary conditions exclude the growth 
of class B/C fungi (Sedlbauer, 2002).The different ranges of surface 
temperatures and surface relative humidity result in different 
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responses by the fungi species in terms of germination time and 
growth rate. The responses form a pattern of growth curves, or 
isopleths, which are unique to fungi species. The developed Lowest 
Isopleths for Mould (LIM) on both the systems represent lowest limit 
below which there is no biological activity evident from the fungi 
species and also on the building materials.  
 
The isopleths that are based on substrate are divided into two 
categories; Category I for bio-utilizable substrates and Category II for 
substrates with porous structures. Building materials that are available 
to the construction industry are included in these two categories, and 
are also covered in the selected generalised isopleths of hazard class 
B/C.  
The generalised isopleth based on the building materials since the 
hazard class LIM covers available fungi species, of which a few are 
found in the tropical climate, such as Aspergillus fumigatus and 
Aspergillus versicolor, both in hazard class A. The A. fumigatus is a 
dominant species found in Malaysia.  However, for the purpose of the 
research, the B/C limit curves were selected due to the lower 
germination limits. The isopleth system based on substrate categories 
were less straightforward to select between the two since the 
construction of isolation room walls consists of building materials that 
are represented by both Categories I and II. Furthermore, the LIM for 
the hazard class isopleth system is at the lower position, that is, the 
germination takes place at lower surface humidities, compared to the 
substrate category isopleth system. Therefore, the hazard class B/C 
isopleths system represents a more conservative estimate of the risk 
of mould growth. 
The LIM represents the lowest boundary line for possible fungus 
activity, taking into account the surface growth conditions for a large 
number of existing mould species growth, unlike other models, such 
as by Clarke et al (1999),  that only considered one fungal species.  
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The mould risk isopleths for category B/C risk form the basis of the 
mould risk model used in this research, the risk model being 
developed specifically for use in the multi-objective optimisation. 
4.2 Mould Risk Model 
The isopleth curves (Figure 4.2) represent the germination times of 
mould species (time taken for mould to begin growth from spores) for 
static surface conditions, whereas the building surfaces are subject to 
dynamically changing indoor relative humidity and indoor temperature. 
Several approaches to predicting the risk of mould growth for 
dynamically changing surface conditions have been investigated 
(Vereecken and Roels, 2012), but all operate in a way that in effect 
indicate the degree of mould growth or time for germination. In this 
research, we seek to find the trade-off between the air conditioning 
systems energy use and the risk of mould growth. Given that some 
high energy solutions will result in no mould growth, we require a 
quantifiable measure of the extent to which there is a “risk”, or “no 
risk”, of mould growth occurring ona wall surface.. The model 
developed here provides a measure of the “risk” of mould growth for 
dynamically changing surface conditions, and which spans both the 
mould growth and no-mould growth region of surface conditions. 
4.2.1 Modification of Mould Risk Model 
In order to calculate the mould risk, the germination time (time 
taken for mould to begin growth from spores and develop its 
own spores), d, as a function of surface temperature (T), and 
surface relative humidity (ø), is required. This has been 
obtained by applying a curve-fit to data in the range of between 
20 and 30 °C extracted from the graphs presented by 
Sedlbauer (2002), shown in equation (1), and modifying the 
curves where the axes were changed with surface relative 
humidity on x-axis and the germination time on y-axis. 
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( ) ( ) ( ) ( )1, ,minmaxmin φαφ TedddTd −−+=
 
where, 
=mind  minimum germination time in days, 
=maxd  maximum germination time in days. 
The minimum germination time dmin is assumed to be 1 day and 
the dmax is assumed to be 32 days. The assumptions are based 
on the 30-day simulation period and also that the limit curve of 
hazard class B/C is assumed to be of 32-day germination time.  
The exponential power for the limit curve is expressed as 
( ) ( )( ) ( )2, minmax
min
φφ
φφ
βφα
−
−
×=T  
Where minimum surface relative humidity at a given surface 
temperature, T, ( )Tminφ , is described in quadratic expression 
as 
( ) ( )32210min TaTaaT ++=φ
 
While the maximum surface relative humidity at a given T,
 
( )Tmaxφ  is described in quadratic expression as 
( ) ( )4;2210max TbTbbT ++=φ  
The term φ  is the simulated surface relative humidity and  
6.4=β  
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The β represents the measure of steepness, or gradient, of the 
limit curve, while ømin and ømax determine the end-points of the 
limit curve. The exponential power indicates where the surface 
condition lies on the curve (at a given β) due to the ratio: 
( )
( )minmax
min
φφ
φφ
−
−
 
The coefficients (at six decimal places) for equations (3) and (4) 
are as follows: 
;007563.0;466386.0;184874.92
;007563.0;466386.0;184874.77
210
210
=−==
=−==
bbb
aaa
 
The coefficients of the curve-fit are valid for surface conditions 
that lie on or above the limit isopleth, that is, for a surface 
relative humidity ( )Tminφφ ≥  . Note that the best fit was 
achieved with a germination time associated with the limit 
isopleth of 29 days, whereas from Figure 4.2, intuitively, this 
might be taken as being equivalent to 32 days; the value of 
which is not specified by Sedlbauer (2002). Similarly the 
minimum germination time might be expected to be 1.0, but the 
best fit to the isopleths was found using a value of 0.8. 
The germination time resulting from the model is illustrated in 
Figure 4.3, for the limited surface temperature range between 
20 and 30°C. Note that an increasingly negative germination 
time does not imply less risk, but an increasing risk, since the 
risk is proportional to the inverse of the germination time. 
 
Chapter 4: Mould Risk Model 
 
Loughborough University  103 
 
 
Figure 4.3: Mould Risk Germination Time 
Calculation of the “germination” time (risk) for a surface 
condition which falls below the limit isopleth is achieved by 
increasing the relative humidity by twice the amount that it falls 
below the limiting humidity, and multiplying the resulting 
germination time by negative (-) 1, as shown in the second line 
of the expression (5): 
( ) ( ) ( )( ) ( ) ( )5,,
,,
,
min
min



<−
≥
=
TTd
TTd
Td
b φφφ
φφφ
φ  
where, 
( ) ( )( ) ( )6minmin φφφφ −+= TTb  
and φ  is the surface relative humidity, at a given temperature 
T , that is obtained from the simulation (EnergyPlus simulation 
output parameter). Increasing the relative humidity in this way 
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results in the equivalent humidity value lies above the limit 
isopleth.  
Two modifications to this model are required for use in this 
research. First, the isopleth indicates only the conditions under 
which germination (and mould growth) will occur, and there is 
no indication of how close surface conditions that lie below the 
limit isoline are to the limit isoline themselves and to possible 
mould growth. Since the aim of this research is to find the 
optimum trade-off between energy use and the risk of mould 
growth, and that it is feasible for solutions to result in surface 
conditions that are below the limit isoline, the model needs to 
predict the degree to which there is no risk of mould growth, as 
well as there being a risk. The approach adopted in this 
research is to mirror the germination isopleths about the Limit 
isoline and to treat conditions below the Limit isoline as having 
a negative germination time, as shown in Figure 4.4. 
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Figure 4.4: Generalised Germination Isopleth System (the 
dashed lines below limit isoline indicate varying 
measures of no risk) 
While there is no experimental justification for the approach and 
the fact that it may not be possible to validate the model for 
conditions under which no growth occurs, the model provides a 
simple framework in which the degree of no risk (negative 
germination time) has the same exponential characteristic as 
the degree of risk (positive germination time). Note also that 
although the particular isopleths used here are for the risk 
category B/C, the approach could equally be applied to 
isopleths representing other categories of mould growth. 
The second modification to the model accounts for the fact that 
the isopleth system represents germination time under static 
surface temperature and relative humidity, whereas the surface 
conditions in real buildings are transient. Krus and Sedlbauer 
(2007) suggested an approach in which the degree of 
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germination over a given time period ( t∆ ), is equal to 




 ∆
d
t  
where the time period is in units of days, and d is the 
corresponding day based on the limit curves from the isopleth 
system ( e.g., 1d, 2d, 4d, etc.) that coincides with surface 
temperature and surface relative humidity obtained from 
simulation (for the average surface conditions over the time 
period). Since the simulation report interval used in this 
research is 1 hour, the degree of germination for a given hour is
( )24
1
×d
 . The degree of germination is continuously 
integrated until its value is equal to 1.0, at which point 
germination is deemed to start. This simple approach is limited 
in that it does not account for the impact of periods of surface 
drying, but it is sufficient to provide an initial indication of the 
risk of mould growth, particularly for a tropical climate where the 
transients in the surface conditions are relatively small.  
The integrated degree of germination is used here as a 
measure of the risk of mould growth, with separate calculations 
performed for the regions above and below the limit isopleth, as 
in Figure 4.3, represented as growthr  and growthnor  in 
expressions (7), (8) and (9): 
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where n  is the number of hours in the integration. The model 
equations and mould risk calculation procedure are described 
in the next section.  
Note that the original isopleth curves range in temperature from 
0oC to 30oC (Figure 4.2), but the modelling here is restricted to 
the range 20oC to 30oC (Figure 4.4), so that it is in line with the 
valid operating range of the building (and in fact increases the 
accuracy of the curve-fit for the isopleths). 
4.2.2 Implementation of the Mould Risk Model 
To demonstrate how the mould growth model is implemented, 
consider a surface condition in Figure 4.4, where the 
germination time for a surface temperature of 30°C and 80% 
RH is approximately 2 days, with the result that if the surface is 
held at these conditions for 30 days. The mould risk then is 
calculated as being,
( ) 15242
7201720
1
=
×
×
= ∑
=i
Risk
; similarly, if the 
surface temperature and relative humidity where held at 30°C 
and 60% RH, the risk would be calculated to be 
( ) 15242
7201720
1
−=
×−
×
=∑
=i
Risk
. The relationship between the risk of 
mould growth and the surface conditions held constant for a 
period of 30 days (or 720 hours) is illustrated in Figure 4.5, 
where three sets of curves based on the limited range of 
between 20 and 30°C were created with the interval of 5°C. 
It should be noted that the risk calculations are not statistical or 
probabilistic measures of mould growth risk. What they provide 
is an index number in measuring the mould risk (where the 
greater the index number, the greater the risk, and the more 
negative the index number implies the less the risk). 
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Figure 4.5: Mould Risk for Surface Conditions Held Constant 
for 30 Days 
Three characteristics of the mould risk model are apparent. 
Firstly, the degree of germination has a normal limit of 1.0 since 
above this value mould growth is deemed to have started. 
However, no such cap is applied when the degree of 
germination is used to represent the risk of mould growth as the 
measure of risk must vary with all probable surface conditions.  
Secondly, it is clear that the risk of mould growth is more 
sensitive to changes in relative humidity than to changes in 
temperature. Finally, the risk model is discontinuous about the 
limit isopleth (Risk = 0). The limit isopleth is associated with a 
germination time of 29 days as explained previously, and so a 
surface held at this condition for 30 days would result in a risk 
value of approximately 1.0, while a condition that lies just below 
the limit isopleth has a risk value of approximately -1.0. 
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Since approximately 30 days are required to trigger a risk value 
of 1.0, the integration is performed for a period of one month. 
Justification for using a period of only one month is further 
examined in Chapter 5, the justification being driven by the fact 
that there is very little seasonal variation in ambient conditions 
in tropical locations, and that there is a need to limit the 
computation time associated with simulating both the heat and 
mass transfer performance of the building.  
4.2.3 Summary 
The risk of mould growth is measured by taking the average of 
integral risk for one month period. The surface condition is 
calculated against the isopleths on which the condition lies. The 
surface temperature and relative humidity from the simulated 
output data is plotted as hourly values on the isopleth system. 
The hourly value is calculated as 1/(days corresponding to the 
isopleth x 24 hours). The values resulted from one month 
period is added to give the total value. 
The magnitude of the risk is the distance of the simulated 
surface RH above the threshold curve at the same surface 
temperature. If it is positive, that is above the threshold LIM, it is 
indicative of a probability of risk of mould growth. 
A “no risk” condition is given when the surface RH is below the 
threshold, with the evaluation calculated from using an RH 
value equal to a value above threshold by an amount equal to 
the "distance" below the threshold. A no risk condition is given 
as a negative number. 
4.3 Interface with Building Performance Simulation (BPS) 
This section gives an explanation of the interface between developed 
mould growth risk model and the BPS as well as the optimisation tool. 
As shown in the Figure 3.15 in Chapter 3, the phase at which post-
processing begins is when the parameters from the simulation output 
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files, namely surface temperature and surface relative humidity 
(RHsurface) of the walls and roof, are fed into the extended mould 
growth risk model and the measure of the risk was calculated between 
the simulated surface condition and the limit isoline. The measure of 
mould risk calculated is one of the design goals, apart from the total 
energy consumption of the HVAC system for the isolation room. The 
results of the surface conditions are the result from a number of input 
variables of which are compared to the imposed constraints, to be 
described in more detail in Chapter 5.  
4.4 Chapter Summary 
An approach for evaluating mould risk has been developed based on 
an existing mould growth model by Sedlbauer (2001). Two 
modifications were made in order to predict the degree to which there 
is a risk of mould growth as well there being a risk, namely by 
mirroring the germination isopleths about the Limit isoline and treating 
conditions below the Limit isoline as having a negative germination 
time, and by taking into account the transient, rather than static 
surface temperature and relative humidity. The characteristics of the 
extended mould risk model are that the normal limit of 1.0 for the 
degree of germination is not applied as the measure of risk varies with 
all surface conditions, the risk of mould growth is more sensitive to 
changes in surface relative humidity than the changes in surface 
temperature, and the risk model is not continuous near the Limit 
isoline. Chapter 5 consolidates the key components of the research, 
namely the BPS, the NSGA-II search algorithm and the extended 
mould growth model, in evaluating a case study based on an actual 
isolation room as well as alternative design. The chapter also 
describes in detail the input variables as well as the design constraints 
for the purpose of optimising the isolation room construction details 
and its HVAC control strategy. 
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Chapter 5 
A Benchmark Hospital Isolation Zone 
Chapter 4 gave a more detailed description of selected mould growth model, of 
which a literature survey was done on a number of existing mould growth 
prediction models. A suitable mould growth model was selected and the 
parameters in the model, namely the surface temperature and surface relative 
humidity, were formulated for optimisation. The EnergyPlus software and the 
extended mould growth model were then used to investigate the performances of 
the isolation room design, its HVAC system as well as its operation. The aims of 
this chapter are two-fold; firstly, to  investigate the reasons why mould growth 
occurs in hospital buildings with HVAC systems designed according to standard 
practice by using a base case, and secondly, to define an alternative design to be 
used in the optimisation study  (Chapter 6), including the choice of optimisation 
variables and their values. The structure of this chapter is shown in Figure 5.1. 
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Figure 5.1: Structure of Chapter 5 
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5.1 Isolation Room Model 
This section gives a short background on the existing design practice of 
isolation rooms in Malaysia. It also describes, and justifies, the example 
isolation room, including the operating characteristics/parameters 
investigated, such as the habit of window opening and re-scheduling of 
room temperature. 
5.1.1 Background Study 
Isolation room design and ventilation strategies have been the 
subject of many studies. Early study by Bagshawe et al (1978) 
emphasized the importance of isolating patients as a means of 
infection control. Phillips et al (2004) suggested the need of having 
an anteroom as a means of barrier protection for the patients against 
contamination. The sliding door position and human movement in 
the isolation room do have an impact on air distribution (Shih et al, 
2007), as well as the positions of the supply air and air extract grilles 
to ensure smooth air flow in the room (Cheong and Phua, 2006). The 
Centre for Disease Control and Prevention Guideline (2007) 
emphasized the minimum air change rate of 12 h-1 for new design 
with no recirculation in order to improve the indoor air quality in the 
isolation room. There is no mentioned of required design RH in 
isolation room in the American Institute of Architects Guidelines for 
Healthcare Facilities (2006). The emphasis is on the indoor air 
quality; where the air change rate is of critical importance in order to 
dilute the room air as a mechanism to contain spread of infection. 
For the infectious type isolation room for patients with infectious 
disease such as Tuberculosis or AIDS, the room must be at a 
negative pressure difference between the room and the surrounding 
areas. The result is a movement of air from outside area into the 
room to prevent spreading of disease. Recent studies observed that 
the higher the air change rate and the negative pressure differential, 
the higher is the ventilation effectiveness in removing contaminant 
(Tung et al, 2009; Adams et al, 2011). 
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The studies cited were conducted in cold and dry countries. 
However, there is no study on the influence of design parameters on 
HVAC energy consumption and wall surface conditions for isolation 
rooms located in hot and humid countries such as Malaysia. Due to 
the fact that Malaysia is a hot and humid country with only dry and 
rainy seasons, the HVAC system operates on cooling mode only. 
Currently there is no available standard or guideline on 
environmental design specifically catered for hospitals in Malaysia, 
although the design practice for isolation room indoor condition is 
24°C/50% RH. There is also no documented evidence pointing to 
the Ministry Of Health Malaysia using ASHRAE guidelines as part of 
the design policy.  
From the context of ventilation, maintaining the pressure difference, 
be it negative or positive, is critical for isolation rooms to function 
properly as designed. Therefore, constant air volume (CAV) system 
is a standard design feature which maintains that functionality. The 
variable air volume  (VAV) system is discouraged on the grounds 
that variable air flow rate may alter the designed pressure difference 
between isolation rooms and surrounding areas, although the VAV 
does offer reduction in fan energy consumption.  
With regards to the equipment selection, the advantages the direct 
expansion (DX) type HVAC system have over the chilled water 
system (CHWS) are lower installation cost, less degree of complexity 
and more independent use by building users. These are more 
apparent for upgrading works, or when a new building is added to 
existing health-care facility. Incorporating new CHWS into an existing 
one to cater for additional load incurs the risk of disrupting the 
system flow and decreasing its efficiency.  
Another feature of a typical isolation room in Malaysian hospitals is 
the absence of heat recovery mechanism, such as desiccant wheel, 
to remove moisture and heat from outside air. The concern about 
potential cross-contamination due to contact between return air and 
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the incoming fresh air has resulted in this mechanism not being 
considered in HVAC system design.  
5.1.2 Operating Characteristics 
In addition to the design practice using guidelines that suit different 
climates, attention was given to the operating characteristics of the 
building that may contribute to whether its performance matches the 
design intent.   
The opening of windows is one of the measures to introduce fresh 
air into a zone. Opening windows to introduce natural ventilation in 
wards as a measure of infection control is gaining momentum (Qian 
et al, 2010), as awareness on energy consumption among hospital 
designers and staff increases, and as a response to climate change 
(Lomas and Ji, 2009). However, the HVAC system for the isolation 
room uses 100% outdoor air and the room is required to be fully 
sealed to prevent infiltration of outdoor air other than that which goes 
through the cooling coil, and also to avoid upsetting the pressure 
difference between the isolation room and the surroundings. 
Therefore opening windows is regarded as unwanted infiltration and 
is discouraged due to its impact on difference in air pressure in 
relation to adjacent areas (Tang et al, 2006), and the possibility of 
microbes entering from outside environment, as mentioned by Beggs 
et al (2008) . However, personal experience has encountered 
building users resort to opening window in rooms that were meant to 
be fully sealed, as a result of differing perceptions in thermal comfort 
among occupants. This type of uncertainty is difficult to be quantified 
accurately and often not taken into consideration in detailed heat 
load calculation.  
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5.1.3 Isolation Room Description 
An upgraded isolation room for the Intensive Care Unit suite in Kuala 
Lumpur General Hospital was used as a design base case for this 
research. The room was an airborne infection isolation (AII) type 
room, which operates at a lower pressure than the outside 
environment to avoid the spread of contaminated into the room. To 
achieve negative pressure, the exhaust air flow rate is 10 percent 
higher than the supply air flow rate. The indoor design condition 
follows the guideline from ASHRAE, where the design room 
temperature of 24°C and the design room relative humidity (RHroom) 
of 50% were used. The total ventilation rate of the room of at least 
12 air changes per hour (h-1) follows the guideline of the Centre for 
Disease Control and Prevention (2005) where 100% outdoor air is 
cooled, dehumidified and supplied into the room and exhausted 
entirely to the outdoors. These design criteria are applied for 
isolation room in new health-care buildings as well as in existing 
health-care settings.  
The base case includes an anteroom which is part of a requirement 
in isolation room design. The anteroom functions as a containment 
barrier between the isolation room and other areas. In this research 
the anteroom was assumed to have the same indoor conditions as 
the isolation room. The occupancy for the room was fixed at one 
patient at all times. The light heat gain was set at 10 W/m², and the 
equipment heat gain at 2.5 W/m². The room was located next to a 
patient ward that was naturally ventilated. The occupancy for the 
ward was fixed with 4 people. The internal heat gain was equal to 
that in the isolation room. The graphical representation of the two 
zones was shown in Figure 5.2. 
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Figure 5.2: Schematic view of Isolation Room and Ward 
The west and north walls were defined as the external walls, 
exposed to the sun. The south wall was defined as unexposed to 
sun and wind, assuming that the outer surface of the wall was 
exposed to an area which was either running on 8 hours of air-
conditioning or was naturally ventilated.   
The roof was assumed to be unexposed and functioned as the floor 
slab for a zone above which was not simulated. The condition the 
roof was exposed and was assumed to be non-conditioned. The 
construction of roof layer consisted of aerated autoclaved concrete 
at the outer layer, followed by the water vapour, sprayed 
polyurethane, air layer, and interior gypsum ceiling board. The air 
layer represented the void through which the air-conditioning ducting 
was passed.  
The east wall of the isolation room was an internal wall that 
separated the isolation room and ward. To balance the mass flow 
into and out of the room, infiltration was assumed to be coming from 
the naturally-ventilated ward. 
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The indoor conditions of the room were set at a temperature of 24°C 
and 50% RHroom with the ventilation rate set at 12 h-1. The room air 
exhausted directly to the outdoors with no re-circulation (ASHRAE, 
2008). The mass flow rate of outdoor air which was treated and 
supplied throughout the system was kept constant.  
The HVAC system selected in the simulation was a Direct Expansion 
(DX) type. It comprised of a blow-through supply fan, a cooling coil 
and a heating coil to provide cooling, dehumidifying and re-heating 
for the 100% outside air and was simulated to operate continuously 
(24 hours) to maintain the indoor conditions. The heat and moisture 
transfer across the zone envelope was assumed to be 1-dimensional 
and in steady-state form and no energy loss occurred within the 
HVAC system. 
The re-setting of the room temperature set-point to a fixed range was 
also simulated, based on the study on thermal comfort of hospital 
workers in Malaysia by Yau and Chew (2009). In this study, the 
authors conducted a field survey to investigate the temperature 
range for thermal comfort in three public hospitals and a private 
hospital in Malaysia.The influence of room temperature on the room 
relative humidity (RHroom) and the energy consumption of the HVAC 
system was also investigated. The study observed that there are 
variable ranges of space average dry bulb temperature in the four 
hospitals where the surveys were conducted. There are three ranges 
for the public hospitals (20.0ºC to 30.0ºC, 20.9ºC to 24.6ºC, and 
23.9ºC to 32.2ºC) while the range for the private hospital is between 
19.0ºC and 24.0ºC. Adding up all the temperature ranges resulted in 
the very large range of between 19.0°C and 32.2°C, whereas the 
design room temperature range for Intensive Care Unit 
recommended by ASHRAE (2003) is between 21.0°C and 24.0°C. 
Therefore, to simulate the re-setting the temperature set-point by 
occupants, the amended temperature set-points of 19.0°C was 
selected 
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The simulation output data that were used for comparison with the 
design room condition were room temperature and room relative 
humidity (RHroom). The surface condition data that were part of the 
EnergyPlus output data, namely the internal wall surface 
temperature and internal wall surface relative humidity (RHsurface), 
were calculated using the HAMT modelling. The surface data  were 
used in the modified mould growth model (described in Chapter 4) 
for mould growth risk analysis . The mould growth risk analysis was 
conducted as a form of validation of the design practice. The surface 
relative humidity is defined as the moisture content at the wall 
surface at a given surface temperature divided by the saturated 
moisture content at the same surface temperature. For the sake of 
clarification, the HVAC system will control the room relative humidity 
(RHroom). The room condition, together with moisture level at the wall 
surface, dictates the surface relative humidity (RHsurface) of the wall. 
The RHroom and the RHsurface are not equal in value, with RHsurface 
generally being lower because the surface temperature is lower0. 
5.1.4 Summary 
The background study of isolation room design was conducted 
where it was observed that the design was based on standards 
and/or guidelines that are not suitable for hot and humid climate. An 
airborne infection isolation room based on an actual upgraded room 
was selected as a base case with the design conditions of 24°C and 
50% RH and the ventilation rate of 12 h-1. The design practice is 
evaluated for its performance in the next section. 
5.2 Building Performance Simulation of Isolation Room Model 
The previous section described the design practice of isolation room in 
Malaysia, including the operating characteristics or parameters, such as the 
habit of window opening and re-schedule for room temperature, that impact 
on the performance of isolation rooms in real condition.  The section also 
described an example isolation room based on the normal practice in 
Malaysia. This section gives an explanation on annual simulation and 
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provides justification for shortening the simulation run period in order to 
reduce the computing time.  
5.2.1 Annual Simulation 
The annual run period was initially used in the simulation, starting 
from 1 January to 31 December. The time taken to simulate the 
conditions in the isolation room for that period was almost 30 
minutes, which was considered high computing cost. A number of 
reasons can be accounted for the long simulation period. Firstly, the 
simulation was run for one year. Secondly, the HAMT algorithm in 
EnergyPlus calculates the surface conditions using the coupled heat 
and moisture conditions across the wall assembly instead of heat 
transfer only. Thirdly, construction details, such as the number of 
building materials that form the building fabric, and the properties of 
each building material have substantial influence on the simulation 
time.  
In the context of building performance simulation, there was an 
opportunity to reduce the computing time. This is due to the fact that 
Malaysia lies slightly above the equator, thus having a consistent hot 
and humid climate. Unlike countries that have annual four seasons 
which may be necessary to record the climatic changes for a full 
year, Malaysia only have dry and rainy seasons. The diurnal outdoor 
temperature difference does not vary significantly and outdoor 
temperature, as well as the outdoor relative humidity, is constant for 
the whole year, as were shown in Figures 5.3 and 5.4. Due to these 
flat climatic conditions, the building performance can be evaluated 
for one month instead of twelve months. 
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Figure 5.3: Annual outdoor dry bulb temperature for Kuala Lumpur. 
 
 
Figure 5.4: Annual outdoor relative humidity for Kuala Lumpur. 
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5.2.2 Comparison between Annual and Monthly Simulation 
One way to confirm whether a one month simulation was more 
suitable was by comparing the surface temperature and relative 
humidity data points from a random monthly simulation with the 
corresponding month from an annual simulation. This was to verify 
whether the results were identical.  Hourly data for outdoor 
conditions and external wall surface from March, June, September, 
and December were selected for comparison. The results were 
shown in Figures 5.5, 5.6, 5.7 and 5.8.  
 
Figure 5.5: March hourly data comparison between monthly (x-
axis) and annual simulation (y-axis) for outdoor and 
external wall surface conditions. 
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It is noted that there is spread in the linear plots for the wall surface 
conditions. The moisture and heat storage capabilities of building 
materials may have some influence on the time constant in the heat 
and moisture transfer. Therefore, simulated conditions for one month 
did not seem to represent that of the whole year since the monthly 
surface conditions had different time constant from that of 
corresponding monthly sections of the annual simulation.  
 
Figure 5.6: June hourly data comparison between monthly (x-axis) 
and annual simulation (y-axis) for outdoor and external 
wall surface conditions. 
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Figure 5.7: September hourly data comparison between monthly 
(x-axis) and annual simulation (y-axis) for outdoor and 
external wall surface conditions. 
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Figure 5.8: December hourly data comparison between monthly 
(x-axis) and annual simulation (y-axis) for outdoor and 
external wall surface conditions. 
The initial impression from the results was the conditions were 
almost identical to each other. However, closer observation revealed 
presence of an outlier for the outdoor conditions, which was due to 
the difference in outdoor temperature and relative humidity on the 
first hour of the first day of the month. Further investigation revealed 
that the anomalies consistently occurred on the first hour of the first 
day for all the selected months.  
Looking at the results for the external wall surface, the data points 
did not match. The errors seem to be present during the whole 
month. As explained earlier, a possible explanation could be that the 
moisture and heat storage capabilities of building materials may 
have some influence on the time constant in the heat and moisture 
transfer. The information on the time constant that would have been 
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captured in an annual simulation might have been lost from the 
monthly simulation. Therefore, simulated conditions for one month 
did not seem to represent that of the whole year since the monthly 
surface conditions had different time constant from that of 
corresponding monthly sections of the annual simulation.  
A compromise was reached where the objective was to run an 
annual simulation for all the surfaces and to observe the point at 
which the surfaces reached stable condition. The results were shown 
in Figures 5.9, and 5.10. 
 
Figure 5.9: Annual surface temperature for single-walled Isolation 
Room. 
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Figure 5.10: Annual surface relative humidity (RHsurface) for single-
walled Isolation Room. 
From the annual simulation results for all the surfaces, it was 
observed that the surfaces took a very long time to achieve stability 
until after about 100 days of operation, which was in early April. 
Therefore, between reducing computing time and selecting the 
period of which conditions most represent that for the whole year 
due to the time-constant of the building construction, the simulation 
must be run for 4 months, with the performances assessment being 
based on the last month. 
5.2.3 Summary 
Justification on using shorter periods rather than annual simulation 
was given on the grounds that the outside conditions in the hot and 
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suggested that the simulation is run for over 4 months with the 
analysis being done on the final month. 
5.3 Zone Performance for Benchmark Design 
In this section, the performance of the benchmark case that represents 
normal design practice is evaluated based on the simulation output and the 
surface conditions were analysed using the extended mould growth model 
by Sedlbauer (2001). The simulation also includes parameters like 
infiltration and window openings by occupants. 
5.3.1 Single-walled Isolation Room 
A single wall construction is based on an upgraded isolation room for 
the Intensive Care Unit (ICU) suite in Kuala Lumpur General 
Hospital. The wall construction starting from outside layer to inside 
layer were 20 mm cement plaster, 110 mm thick brick wall, and 20 
mm cement plaster, shown in Figure 5.11. Properties of building 
materials were obtained from generic materials database in the 
HAMT algorithm in EnergyPlus. However, the materials in the 
database were limited to six and more materials were obtained from 
the WUFI material database and from the study by Kunzel 
(1995). The mould growth risk analysis is then conducted using 
internal wall surface temperature and surface relative humidity 
(RHsurface). 
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Figure 5.11: A single wall construction for benchmark design. 
As a means of validating the normal design practice of isolation 
rooms in hot and humid climate like Malaysia, simulation runs are 
performed to evaluate the performance of a benchmark isolation 
room design. It is also important to include parameters in order to 
mimic as closely as possible the actual operation. The parameters 
include infiltration and user behaviour, specifically window opening. 
In the context of infiltration, it is assumed that there are small cracks 
in the building structures, such as cracks between window sill and 
the wall, or the structural openings like gaps between doors and the 
floorings. The infiltration used in this research is not calculated in full 
detail but is based on estimate with the air flow rate set at 0.6 h-1 
(CIBSE Guide A, 2006). 
Personal observation notes that occupant behaviour does have an 
influence on the indoor condition, and it needs to be included in the 
simulation. The opening of windows by occupants is simulated using 
the schedule during which the window of the isolation room is open 
for a number of hours in a day. It is difficult to quantify the behaviour 
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to a schedule, but the study by Kubota et al (2009) could be used a 
guide, in which residential occupant open windows from 10.00 a.m. 
to 6.00 p.m. for daytime ventilation. The amount of air going into the 
room through the window is represented by the opening area of the 
window (1.08 m²) and it is assumed to be fully opened from 10.00 
a.m. to 6.00 p.m. 
5.3.2 Results of Indoor Conditions 
The results for the room temperature, room relative humidity 
(RHroom) and the DX cooling coil total cooling energy were shown in 
Figure 5.12.  
 
 
The result in Figure 5.12 showed that the HVAC system was able to 
maintain the room temperature within the maximum of 1°C. 
However, it was observed that there was a lack of ‘anti-phase’ 
relationship between the room temperature and RHroom. An 
explanation regarding this is that as time progressed, the moisture 
content inside the room increased. The walls of the isolation room 
have become charged with moisture and there was less potential for 
moisture coming out of the room air and going into the wall surface. 
As a result, the DX system was struggling to cope with maintaining 
Figure 5.12: Indoor conditions for Benchmark design 
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the room RH and room temperature. The system was not able to 
maintain the RHroom at design level of 50%, with a few occasions 
approaching 75%.. The RHroom being above 70% may indicate a risk 
of mould growth on wall surfaces. The total cooling coil energy 
profile is shown in Figure 5.13, where the system is cooling and 
dehumidifying the supply air at maximum load. 
 
 
 
5.3.3 Results of Surface Temperature and RHsurface 
To assess the probability of mould growth, the wall surfaces and the 
roof conditions were simulated and the results were shown in 
Figures 5.14, and 5.15. 
Figure 5.13: HVAC energy use for Single-Walled Isolation Room with 
conventional HVAC system 
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The wall and roof internal surface temperatures were found to be 
slightly higher than the room temperature but the concern is on the 
surface RHsurface which is in the region of 70% and slightly above for 
a considerable time period; the consequence of high RHroom and the 
indoor moisture being absorbed by the internal surfaces.  
 
 
Figure 5.14: Wall surface temperatures for Benchmark design 
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To determine the measure of the risk of mould growth on any 
surface, the analysis was done on the wall and roof surfaces on the 
last month of the simulated period. The positive number indicates the 
surface condition being above the Lowest Isopleth for Mould (LIM) 
which may incur the risk of mould growth, while the negative sign 
indicates no likelihood of mould growth occurring. The results were 
as shown in Table 5.1. 
Table 5.1: Measure of risk of mould growth on all surfaces for 
Benchmark Design 
Wall Roof 
South West North East 
(Internal) 
 
1.11 
 
 
0.37 
 
0.42 
 
1.45 
 
0.30 
 
Figure 5.15: Wall surface relative humidity (RHsurface) for 
Benchmark design 
Chapter 5: A Benchmark Hospital Isolation Zone 
 
Loughborough University  134 
 
As a reminder, the measure of the mould growth risk is calculated by 
using the expressions (1), (2) and (3) in Chapter 4, 
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Where n is 720 hours, corresponding to the 4 months simulation run 
period, and di is the time period for the mould growth limit curve. 
Taking the east (internal) wall as an example to illustrate the 
workings of the extended mould growth model, the measure of 
mould risk for the single-walled isolation room is calculated into the 
time taken for as, 
daysd
d
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d
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,
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7201
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The results in Table 5.1 have shown that all the surfaces registered 
positive figures, meaning the surface conditions simulated are above 
the threshold mould growth limit curve. The higher the positive 
figures are, the less time it takes for the mould to grow on the 
surfaces. Since the limit isoline corresponds to the 30-day spore 
germination time, it is therefore, suggested that there is a measure of 
risk of mould growth on the surfaces, within that time period. 
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5.3.4 Double-walled Isolation Room 
As a matter of comparison, the normal design practice with a double 
wall construction is simulated. This construction was based on an 
Accident and Emergency Block in Banting Hospital, located 
approximately 60 km from the capital of Kuala Lumpur. For the wall 
assembly, the layers from outside started with 20 mm cement 
plaster, followed with 110 mm thick brick wall, 25 mm fire proof PU 
foam, 110 mm brick wall, and 20 mm cement plaster, shown in 
Figure 5.16. 
 
Figure 5.16: A double wall construction for benchmark design 
The HVAC system is similar to the benchmark design, where 100% 
outside air is cooled and dehumidified to condition the isolation room 
and then is entirely exhausted to the outside environment. The room 
design condition was set at 24°C and 50% RHroom and no heat 
recovery is installed in the system. 
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5.3.5 Results of Indoor Conditions 
The results for the room temperature, room relative humidity and the 
DX cooling coil total cooling energy after simulation were shown in 
Figures 5.17. 
 
 
As with the benchmark design, the simulation results showed that 
the HVAC system was not able to maintain the design room relative 
humidity at 50%, with the room temperature maintained slightly 
higher than 24°C. The cooling coil energy was similar to that of the 
benchmark design, indicating it was operating at maximum capacity 
and still not sufficient to remove moisture from outside air 
continuously, as is shown in Figure 5.18.  
Figure 5.17: Room Conditions for Double-Walled Isolation Room 
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5.3.6 Results of Surface Temperature and RHsurface 
To assess the measure of risk of mould growth, the wall surfaces 
and the roof conditions were simulated and the results were shown 
in Figures 5.19, and 5.20. 
Figure 5.18: HVAC energy use for Double-Walled Isolation Room 
with conventional HVAC system 
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As can be seen in Figure 5.19, the wall surface conditions started to  
stabilise after approximately 50 days of operation. However, the 
internal surface temperatures were only slightly higher than the room 
temperature. The surface RH results for the double-walled 
construction were shown in Figure 5.20. 
Figure 5.19: Wall surface temperatures for Double-Walled Isolation 
Room 
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The results have shown that due to the HVAC system being unable 
to maintain control on the room RH which resulted in very high 
RHroom, The internal wall surfaces were also affected where very 
high RHsurface were detected that may result in high likelihood of 
mould growing on the surface. 
As with the analysis on the benchmark design, the mould growth risk 
analysis was done on the wall and roof surfaces on the last month of 
the simulated period. The results were as shown in Table 5.2. 
 
 
 
 
Figure 5.20: Wall surface relative humidity for double-walled 
Isolation Room 
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Table 5.2: Measure of risk of mould growth on all surfaces for Double-
walled Isolation Room 
Wall Roof 
South West North East 
(Internal) 
 
1.54 
 
1.38 
 
1.44 
 
1. 51 
 
0.42 
 
As with the single-walled version, the east wall is again taken as an 
example for the purpose of consistency. The measure of mould risk 
for the double-walled isolation room is calculated into the time taken 
as 
daysd
d
and
d
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The results from Figure 5.18 and Table 5.2 have shown that all the 
surfaces registered high RHsurface and the mould risk are positive 
figures, indicating the simulated surface conditions were above the 
threshold mould growth limit curve. Since the limit curve corresponds 
to the 30-day spore germination time, it is therefore, suggested that 
there is a risk of mould growth on the surfaces, within that period. 
Comparing the results for single wall construction (Table 5.1) against 
a double wall construction (Table 5.2) has shown that the risks of 
mould growth have risen for all the walls of the double-walled 
isolation room, with risks risen substantially for the walls on the west 
side (1.38 against 0.37) and north side (1.44 against 0.42). One 
explanation is the higher moisture diffusion inside the double wall, in 
terms of the ability of the construction layer to retain moisture at a 
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given time period, that may give rise to interstitial condensation. It 
also suggests due to the thickness of the double wall, the time taken 
for the double wall to dry up is more than 30 days.   
5.3.7 Effect of re-setting zone set-point 
In addition to opening windows to let fresh air into the room, 
occupants have been known to alter the temperature set-points to 
suit their thermal comfort level. More often the occupants change the 
temperature than the RH settings, since they were not as receptive 
to RH as to temperature (Skoog, 2004) and especially for the system 
that offers individual control, only the room temperature set-points 
are available for manipulation.  
The effect of re-setting the room set-points on indoor conditions was 
simulated in EnergyPlus by amending the room temperature 
schedule in the input object. The set-point was reduced from 24°C to 
19°C, based on the survey findings by Yau and Chew (2009) on 
thermal comfort of hospital staff in Malaysia. The impact of set-point 
change is investigated on both single-and double-walled isolation 
room with the conventional HVAC system. The room design 
condition was maintained at 24°C and 50% RHroom. The simulation 
results for the single-walled isolation room are shown in Figures 
5.21, 5.22, and 5.23. 
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The conventional system was found to be unable to maintain the 
indoor design conditions where the room RH fluctuated between 70 
and 80% RH. Surface temperature profile for the single-walled case 
is shown in Figure 5.20. 
Figure 5.21: Indoor conditions for Single-Walled Isolation Room at 
19°C set-point 
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The surface relative humidity profiles for the single-walled case are 
shown in Figure 5.23. The results for all internal surfaces implied the 
‘wet’ conditions that may incur the risk of mould growth. 
 
 
Figure 5.22: Surface temperature profiles for Single-Walled Isolation 
Room at 19°C set-point 
Figure 5.23: Surface relative humidity profiles for Single-Walled 
Isolation Room at 19°C set-point 
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The same mode of investigation is done on the double-walled 
isolation room with the conventional system to assess its 
performance. The indoor conditions profile for the double-walled 
isolation room is shown in Figure 5.24. 
 
The indoor conditions were substantially affected when the 
temperature set-point was reduced below the normal design practice 
of 24°C. The RHroom could not be maintained at 50%. This implied 
that the cooling coil is already operating at the maximum capacity in 
cooling and dehumidifying, as shown in Figure 5.25. There is also a 
possibility that the efficiency of the cooling coil has dropped and is 
not able to remove the moisture from the supply air. 
 
 
 
Figure 5.24: Indoor conditions of Double-Walled Isolation 
Room at 19°C set-point 
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The surface conditions of all the internal walls and roof are shown in 
Figures 5.26 and 5.27.  
 
Figure 5.26: Surface Temperature for Double-Walled Isolation 
Room at 19°C Set-Point 
Figure 5.25: HVAC energy consumption for Double-Walled 
Isolation Room at 19°C set-point 
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The results indicated that re-setting the room temperature set-point 
lower than the design temperature without manipulation of RHroom 
set-point resulted in both the room temperature and the room RH 
going above the design limit. 
The mould growth risk analysis was then conducted to verify whether 
high surface RH on the walls and roof would lead to mould growth 
over time. The comparison of results is shown in Table 5.3. 
 
Table 5.3: Comparisons of the measure of mould growth risk on 
internal surfaces for Single-Walled and Double-Walled 
Isolation Room at 19°C set-point.  
Wall Type Orientation Roof 
 South West North East 
(Internal) 
Single 2.27 0.94 1.03 3. 23 0.82 
Double 6.69 6.20 6.40 6.58 1.83 
Figure 5.27: Surface Relative Humidity for Double-Walled Isolation 
Room at 19°C Set-Point 
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To explain the comparison, it is important to remember that the index 
number has a normal limit of 1.0 since above this value mould 
growth is deemed to have started. In this case however, no such 
limit applies when the index number is used to represent the risk of 
mould growth since the measure of risk must vary with all the 
surface conditions. The results implied that the internal surfaces 
were getting damper with the lowering of the room temperature set-
points. The time taken for mould to grow on the east side of the 
single-walled surface is calculated as, 
daysd
d
and
d
3.9
23.3301
,
23.3
24
7201
=∴
=×
=




×
 
Whereas, the time taken for mould to grow on the east side of the 
double-walled surface is calculated as, 
daysd
d
and
d
5.4
58.6301
,
58.6
24
7201
=∴
=×
=




×
 
The inference that can be taken from the comparison was that the 
bigger the measure of risk is (values getting bigger than 1.0), the 
further up the surface conditions lie above the limit isoline. This 
means the germination time (time taken for the mould to begin 
growth from spores and develops its own spores) is also shorter. 
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The mould growth analysis showed that risks of mould growth 
occurring were higher with the reduction of zone set-points. One 
probable explanation was that at the 19°C room set-point, the 
cooling coil surface temperature was reduced to the point below the 
dew-point of the supply air. This may result in the cooling coil 
freezes. Therefore, the moisture contained in the outside air that was 
supposed to be removed was passed through the freezing cooling 
coil into the room. The moisture is in turn absorbed by the porous 
wall surface and induces germination of ubiquitous mould spores. 
5.3.8 Discussion 
The normal design practice following the design standards and 
guidelines should result in the room design condition maintained 
correctly and, in achieving that, mould growth on wall surface is 
unlikely to occur. However, the simulation results suggested that the 
design objective was not met, which could be attributed to a number 
of factors. 
One factor to consider was the references used in the design itself. 
The guidelines, such as the ASHRAE Guideline used for heat load 
calculation and equipment selection, were created mainly for the 
western countries that have seasonal climates. The temperature 
variations and especially ambient relative humidity are substantially 
different compared to tropical countries like Malaysia. 
Another factor is the differences between what was calculated 
manually and what was calculated in EnergyPlus. In the manual heat 
load calculation, the total DX cooling capacity for the isolation room 
was 12,661.9 Watt (3.6 Refrigeration Ton) and the heating capacity 
was 570 Watt. The calculated air flow rate was 0.2005163 m³/s 
(424.87 cubic feet per minute (cfm)).  The flow rate per watt of rated 
cooling capacity was 1.5836 x 105 m³/s/Watt (118.02 cfm/ton).  
However, these calculated figures could not be verified using 
EnergyPlus, where the usage of the figures has resulted in errors 
before the simulation started. This is due to the fact that the 
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calculated figure flow rate per watt of rated cooling capacity was 
outside what is permissible for DX system in EnergyPlus.  
In the EnergyPlus, the permissible rated volumetric air flow was 
between 4.027 x 105 m³/s and 6.041 x 105 m³/s per Watt of rated 
total cooling capacity (300 – 450 cfm/ton). The rated conditions are 
considered to be air entering the cooling coil at 26.7°C dry 
bulb/19.4°C wet bulb and air entering the outdoor condenser coil at 
35°C drybulb/23.9°C wet bulb.  
This range is effective on the assumption that the recirculation of air 
is taking place. If a user defines the constant air flow rate to be at 12 
h-1, the EnergyPlus adjusts the total cooling capacity and the 
sensible heat ratio in order to place the air flow rate per total cooling 
capacity within the specified range. An error will be given if the flow 
rate per total cooling calculated is out of this range. This leads to the 
suggestion that the air flow must be increased, or the cooling 
capacity must be reduced for the simulation to run successfully. 
The specified operating range was based on studies on the impact of 
low evaporator air flow rate on the direct expansion (DX) cooling coil 
performance. Studies by Parker et al (1997) and Palani et al (1992) 
have shown that cooling capacity and latent capacity dropped rapidly 
when the evaporator flow rate was reduced below 200 cfm/ton. This 
leads to coil icing and shortened compressor life. The effective range 
of the flow rate per rated cooling for DX system in the EnergyPlus is 
between 300 cfm/ton to 450 cfm/ton. However, the resultant flow rate 
per rated cooling based on manual heat load calculation for typical 
design practice was 118.02 cfm/ton, which was substantially below 
the effective operating range of a DX cooling coil. 
Another explanation is the differences between manual heat load 
calculation and the parameters defined in EnergyPlus before 
simulations are run. Taking into consideration the solar heat gain 
and transmission heat gain through window glass, roof, external 
walls as well as transmission heat gain through surfaces inside the 
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building zone such as wall partition or ceiling. The heat load 
component is calculated from the square area of the surfaces with 
the temperature difference between outside air and the design room 
air, multiplying with the specific load factors (storage load factors for 
walls, window shade factor) and transmission coefficients. Various 
weights of the construction material lead to selection of different load 
factors. There is no component of this type in EnergyPlus. 
Outdoor design condition selected for the normal practice in 
Malaysia is based on a maximum design day with 35ºC dry bulb 
temperature and 60% relative humidity. The room design condition 
of 24°C temperature and 50% relative humidity is based on the 
ASHRAE Guidelines for healthcare facilities. The heat load 
calculation selects the maximum value of the day and not the 
average values that are representative Malaysian climate. 
The heat load calculation does not take into account the conditions 
at night-time and assumes that the ambient condition is constant 
throughout the day. The latent load that comes from infiltration from 
doors, windows and/or surface cracks was not considered in the 
heat load calculation. The need for the indoor condition to be 
continuously maintained at 24°C room temperature, and 50% RH at 
very high outside air flow rate of 12 h-1 without considering the high 
outdoor humidity which is characteristic of a hot and humid climate, 
meant the DX cooling coil was unable to entirely remove moisture 
from the outdoor air. 
A question arises from the fact that the time taken for mould to grow 
on the internal surface for double wall construction is slightly shorter 
than that for the single wall construction. A possible scenario is the 
moisture transfer across the double wall takes longer. There is time 
delay across the internal brick wall and the insulation. This scenario 
is more obvious in double-walled compared with single- walled 
construction. The interstitial condensation occurs inside the double 
wall as a consequence of extra number of construction layers.  
Chapter 5: A Benchmark Hospital Isolation Zone 
 
Loughborough University  151 
 
The internal surfaces for both the single- and double-walled 
constructions have inadequate drying time since the surface RH was 
above the limit of 70% for most of the time. The consequence of not 
putting vapour barrier at the outermost layer of wall assembly 
resulted in the ingress of high moisture content from outside 
environment through the building envelope-either condensed inside 
the wall assembly or absorbed by the internal wallpaper. 
The element of user behaviour in the form of scheduled opened 
windows was introduced into the simulation as a means to reflect the 
real world situation and assess its impact on the performance of the 
isolation room, particularly the reliability of the HVAC system in 
maintaining the indoor design conditions-the results have shown for 
both the single- and double-walled isolation room that the 
conventional system was not able to maintain the room RH even 
though operating at maximum capacity. 
Another telling feature of isolation room HVAC system design is the 
absence of energy recovery mechanism, with particular reference to 
the latent heat exchanger. This mechanism, particularly desiccant 
thermal wheel, is widely used in the operating theatre where this 
area requires very high air change rate of up to 30 h-1, in which the 
high amount of moisture from the outside air is absorbed by the 
desiccant wheel then transferred into the exhaust air path to be 
taken out into the outside environment. This requirement is all the 
more critical in the hot and humid climate like Malaysia where the 
ambient conditions are more extreme compared to countries in 
temperate climate. Therefore, it is significant to note that the latent 
heat recovery is not considered in the heat load calculation and the 
equipment selection for isolation room HVAC system design. 
Studies conducted in hospitals in Malaysia has shown that design 
criteria do not take into account local condition, and the building 
operation that is not in accordance with what has been designed for, 
can have a negative effect on a building. Thermal comfort study of 
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hospital workers by Yau and Chew (2009) gives a range of suitable 
comfort temperature that is higher than required in ASHRAE 
Standard 55. The study covered 4 hospitals in Malaysia and various 
departments. The suggestion from the study was that there is a need 
for a standard for tropical hospitals to satisfy the comfort level in the 
tropics without compromising the health and safety requirements. 
The overall RH observed in the survey was between 44% and 79% 
compared to between 30% to 60% as required by ASHRAE 
Standard (2003).  
With respect to the impact of building operation on indoor 
environment, a study was undertaken by Khew et al (2007) 
regarding the mould growth issue in a 700-bed Malaysian hospital. 
Observations from walk-through exercise in the library, auditorium 
and the levels 2 and 3 have revealed the relative humidity (RHroom) in 
the mentioned areas was between 70 to 90% when the maximum 
design RHroom should have been 60%. This was due to the air-
conditioning system operation not tailored to low occupancy 
requirement.  
There is no documented observation or published study with regards 
to the environmental conditions of isolation rooms in Malaysia, or 
their performance, which makes validation of design practice difficult. 
Therefore, inference has to be made from simulation output and 
available publication regarding the HVAC system in tropical climates 
and studies on healthcare facilities in Malaysia. The inference is that 
DX coil performance in design practice will drop to a stage that may 
lead to the freezing of the coils and the shortening of compressor 
life. Since infiltration was not taken into account in the manual heat 
load calculation and the heat recovery mechanism excluded in the 
equipment selection stage, the implication was the room design RH 
was not maintained and may result in a probable risk of mould 
growth. 
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5.3.9 Summary 
The simulation results for the benchmark case and the double-walled 
isolation room have shown that the room design condition based on 
normal practice was unable to maintain control on the zone 
conditions as expected. Furthermore, there were risks of mould 
growth occurring on the wall surfaces based on the mould growth 
risk analysis. The DX HVAC system cannot maintain the room 
condition with limited range of air flow rate per cooling capacity, 
below which will result in the deteriorating cooling coil efficiency. This 
problem was made worse by not adding heat recovery to improve 
the moisture removal from the outside air, and exacerbated by 
uncertainty elements such as infiltration due to structural defect or by 
user behaviour such as opening windows. The next section suggests 
an alternative to the benchmark design as a reference for simulation 
and optimisation. 
5.4 Alternative Design and Operation Case 
The results from section 5.2 have shown that the normal design practice of 
isolation room HVAC system design in the hot and humid climate, using 
standards or guidelines more suitable to cold and dry climates, was not 
able to achieve the indoor conditions it was designed for. In this section, an 
alternative design and operation that acts as a starting point to the 
optimisation process is proposed, with its performance simulated and 
compared against the conventional system.  
5.4.1 Proposed Alternative Design and Operation 
Following the inability of the conventional construction and HVAC 
system design to maintain the required indoor condition and to be 
energy-efficient, it is necessary to arrive at a solution that takes into 
account the harsh climatic condition and also able to fulfil the design 
objectives, namely reducing energy use and minimising the risk of 
mould growth. The proposed alternative design therefore is different 
from the normal practice with a number of attributes incorporated. 
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An enthalpy heat recovery mechanism is added to the HVAC system 
to maintain the design room relative humidity (RHroom). The feasibility 
of coupling the direct expansion air dehumidification system with 
heat recovery device is proven based on recent studies by Zhang 
(2006). Liang et al (2010) modelled and experimentally validated an 
independent DX-type system equipped with membrane –based total 
heat recovery used to provide fresh air ventilation for control of 
epidemic respiratory disease like Swine flu in hot and humid climate. 
Comparison was made between the novel system and a 
conventional DX system. The result revealed that the coefficient of 
performance for the novel system was 2.2 times higher than that of 
the conventional one.   
The latent heat recovery is selected due to its ability to remove 
moisture and suitable in hot and humid climate more than the 
sensible heat recovery (Mandegari and Pahlavanzadeh, 2009). One 
advantage of using this device is the reduction in overall thermal 
load and downsizing of cooling capacity (Nobrega and Brum, 2009). 
With regards to latent effectiveness, different types give different 
figures, such as 0.85 for desiccant wheel, and 0.72 for membrane 
type heat exchanger (Zhang, 2006). 
Initial examination of the alternative design and operation was 
performed to evaluate its performance in maintaining the room 
design condition set at 24°C and 50% RHroom, and the DX coil 
cooling capacity. The latent heat recovery effectiveness of 0.72 is 
also incorporated. The simulation was run for four months in order to 
stabilise the indoor conditions. The results were shown in Figure 
5.28. 
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The results indicated that incorporating heat recovery mechanism, in 
this case the latent heat recovery, has improved the room 
temperature and room relative humidity to design conditions. The DX 
coil total cooling energy was reduced substantially with less moisture 
to remove from the outside air by the cooling coil. 
The annual simulation results of the surface temperature and relative 
humidity for inside surfaces of the south wall, west wall, north wall, 
the internal wall, and the roof of the alternative case are shown in 
Figures 5.29 and 5.30. 
Figure 5.28: Indoor Conditions for Alternative design 
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Figure 5.29: Surface temperature for alternative design 
 
The surface room temperature was gradually decreasing towards 
24°C and the surface relative humidity was gradually increasing until 
it achieved stability at below 50%. Based on the results for all the 
internal surfaces, an inference can be made that mould growth is 
unlikely to occur.  
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Figure 5.30: Surface relative humidity for alternative design 
 
5.4.2 Comparison with normal practice 
The performance of the alternative case with regards to the indoor 
conditions is further compared with the single-walled without heat 
recovery (Case Study 1) and the double-walled versions without heat 
recovery (Case Study 2) and the results are shown in Figures 5.31 
and 5.32. The application of enthalpy heat exchanger has resulted in 
the indoor conditions being maintained at approximate level of 
design limit.  
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The performance in terms of the cooling energy for both HVAC 
system coupled with enthalpy heat exchanger and the conventional 
system are compared and the results are shown in Figure 5.33.  
Figure 5.31: Room temperature profiles three versions of Isolation 
Room 
Figure 5.32: Room relative humidity profiles for three versions of 
Isolation Room 
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Comparison between the alternative case and the two versions of 
isolation room operating at normal design practice showed the 
impact of incorporating the latent heat recovery into the HVAC DX 
system where the room conditions were maintained at design limit at 
lower cooling coil energy consumption. The HVAC system for the 
alternative case was shown to be operating at a lower energy usage 
compared to the Case Studies 1 and 2 that were operating on 
conventional systems without heat recovery. 
As was shown in Figure 5.33, the conventional system was 
operating at maximum capacity with respect to the fluctuating indoor 
conditions. Even when the conventional system was operating at 
maximum limit, the room relative humidity is still much higher than 
the design limit. The reason for this inability to control relative 
humidity was given in the sub-section 5.3.6. 
Figure 5.33: HVAC total cooling energy profiles for the alternative 
design and the normal practice 
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The effect of using the alternative case in minimising the risk of 
mould growth on the internal surfaces against the normal practice is 
shown in Table 5.4. 
Table 5.4: Comparison of the measure of mould growth risk for 
alternative case and normal practice 
Wall Type Orientation Roof 
 South West North East 
(Internal) 
Single-Walled 2.27 0.94 1.03 3. 23 0.82 
Double-Walled 6.69 6.20 6.40 6.58 1.83 
Alternative 0.05 0.04 0.04 0.05 0.03 
 
Taking the east (internal) wall again as an example, the measure of 
mould risk for the single-walled isolation room is calculated as, 
daysd
d
and
d
9
23.3301
,
23.3
24
7201
=∴
=×
=




×
 
Referring back to the mould growth limit curves by Sedlbauer (2001), 
it can be implied that for the single-walled isolation room operating at 
24°C/50% RHroom on conventional HVAC system for a period of 30 
days, there is a measure of risk that it would take 9 days for the 
mould spores to germinate on the east wall. The east wall for the 
double-walled isolation room fared worse where the risk for mould 
growth to occur is much higher, by which the time taken would be: 
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daysd
d
and
d
6.4
58.6301
,
58.6
24
7201
=∴
=×
=




×
 
The application of the vapour barrier on the outermost layer of the 
wall construction for the alternative case prevented the moisture 
ingress from the outside environment, where the probability of mould 
growth is much reduced for the alternative case, even though there 
is a minute measure of risk as was shown in Table 5.4. However, 
the measure of risk on the east wall for the alternative case is close 
to zero, meaning which the surface condition lies approximately on 
the limit isoline and it would take about 29 days for mould growth to 
occur, since the limit isoline is associated with germination time of 29 
days, as shown in Chapter 4. 
In the context of building construction, it has been shown that there 
is a measure of risk of mould growth on the internal surfaces 
regardless of the type of construction. Therefore, there is a need to 
prevent high moisture content from the hot and humid climate from 
entering the building early on. One of the solutions is to apply vapour 
barrier inside the wall.  
To illustrate the effect of having this barrier further, the performance 
of the double-walled isolation room without the vapour barrier, as 
well as the alternative case are simulated in EnergyPlus and the 
surface conditions are evaluated. Both versions of isolation room are 
installed with DX type HVAC system coupled with enthalpy heat 
exchanger. The results have shown that the application of enthalpy 
recovery can be used as a technical remedy to the energy use and 
humidity control issues in the isolation rooms. By drying the air using 
a regenerative device, this results to the lowering of room relative 
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humidity, which in turn contributes to the reduction in the measure of 
infection risk. 
On the wall construction side, the alternative case isolation room has 
the vapour barrier applied on the outermost layer of all its external 
walls. The results for comparison purposes are shown in Table 5.5.  
Table 5.5: Impact of putting vapour barrier on the measure of risk 
of mould growth for double-walled and alternative case 
Wall Type Orientation Roof 
 South West North East 
(Internal) 
Double-Walled 
without vapour 
barrier (with heat 
recovery) 
0.08 0.06 0.06 0.08 0.001 
Alternative case 0.05 0.04 0.04 0.05 0.03 
 
Having vapour barrier installed pushes the measure of mould growth 
risk slightly further down by preventing moisture ingress through the 
building envelope. This result is further justification of having a 
double wall envelope with vapour barrier as one of the input 
variables for optimisation. 
5.4.3 Summary 
The alternative design was proposed as a starting point of the 
optimisation process. The differences between the alternative design 
and the normal design practice are that the vapour barrier was 
incorporated in the construction and the enthalpy heat exchange was 
incorporated into the HVAC system. The alternative design was 
simulated and the performance in terms of the ability of its HVAC 
system to maintain the indoor conditions and the total cooling energy 
was evaluated and compared with the normal practice. It was found 
that the alternative design performed better than conventional design 
in that the indoor relative humidity was maintained and there was a 
reduction in the total cooling coil energy. The measure of risk of 
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mould growth on the internal surfaces was reduced where the time 
taken for mould to grow is much longer within the simulated time 
period.  The next section explains the scope of the optimisation 
problem by discussing the appropriate input variables as well as 
defining the constraints. 
5.5 Scope of Optimisation Problem 
After the new base case was selected and analysed, the next step was to 
define the scopes for optimisation. This includes selecting the suitable 
variables to be searched with the justification for the choice of the variable, 
and the range of each variable.  
For the purpose of this research, the implementation of the optimisation 
uses an existing code that is based on the NSGA-II operation in order to 
create the number of optimal solutions.   
The optimisation needs to be performed on the elements of building design 
and operation that affect the building energy use and risk of mould growth. 
These elements were the construction materials, the HVAC system type 
and the system operating strategy (as represented by the control set-
points). The variables selected then were the wall assembly, design room 
temperature, design room relative humidity, and the ventilation rate. 
5.5.1 Building Construction 
In the context of building design, the variable selected for 
optimisation is the different options of wall assembly. The reason for 
having more than one type of building assembly was to provide an 
opportunity to evaluate the performance of wall assemblies in new, 
as well as upgraded, buildings.  
Wall Type 1 is a single wall type from which the benchmark case is 
based on. The Wall Type 2 construction is based on the construction 
of a newly built Accident and Emergency Block at Banting Hospital 
which is located about 62 km from Kuala Lumpur. Wall Type 3 is a 
construction based on the new Public Works Department Guideline 
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on Prevention of Mould (2009). Table 5.6 shows the construction 
details of the wall assemblies. 
The wall is assumed to be painted and the thickness of wall paint is 
negligible. Red brick is a material normally used in the Malaysian 
construction industry. Properties of cement plaster was derived from 
ISO/FDIS 10456: 2007(E) Building materials and products — 
Hygrothermal properties — Tabulated design values and procedures 
for determining declared and design thermal values. However, the 
properties only covered density, design thermal conductivity, specific 
heat capacity, and water vapour resistance factor. There was only 
one hygrothermal property that was available for emulsion paint and 
gloss paint and cannot be used to represent the PU paint.  
For optimisation purpose, the wall types 1, 2 and 3 are assigned 
index values of 0, 1 and 2, respectively, and the construction details 
for each wall assembly are shown in Table 5.6.  
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Table 5.6: Construction details for wall assembly 
 
Envelope 
Layer 
Wall 
Type 1 Type 2 Type 3 
 
Outside 
layer 
 
 
Cement 
(2 mm) 
 
Cement 
(2 mm) 
 
Wall sealer 
 
Layer 2 
 
 
Red brick 
(110 mm) 
 
Red brick 
(110 mm) 
 
Cement 
(2 mm) 
 
Layer 3 
 
Cement 
(2 mm) 
 
 
Polyurethane  
foam insulation 
 (25 mm) 
 
Red brick 
(110 mm) 
 
Layer 4 
  
Red brick 
(110 mm) 
 
Polyurethane 
foam insulation 
(25 mm) 
 
Layer 5 
 
  
Cement 
(2 mm) 
 
Red brick 
(110 mm) 
 
Layer 6 
 
   
Cement plaster 
(2 mm) 
Index 
Number 
0 1 2 
 
The construction details for roof, floor and the window are shown in 
Table 5.7. The roof Type 1 construction is based on the normal 
practice while the Type 2 construction is based on the new Public 
Works Department Guideline on Prevention of Mould (2009). The 
floor and window constructions were maintained during the 
optimisation process.  
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Table 5.7: Construction details for roof, floor and window 
 
Envelope 
Layer 
Roof Floor Window 
Type 1 Type2 
 
Outside 
Layer 
Concrete 
(100 mm) 
Autoclaved 
aerated 
concrete (100 
mm) 
Sprayed 
polyurethane 
(50 mm) 
Low tint glass                  
(6 mm) 
 
Layer 2 
Air Layer 
(50 mm) 
Water vapour 
retarder 
(10mm) 
Water vapour 
retarder  
(10 mm) 
Air  
(13 mm) 
 
Layer 3 
Interior 
gypsum 
board 
(12 mm) 
Sprayed 
polyurethane 
(50 mm) 
Concrete 
(100 mm) 
Low tint glass                  
(6 mm) 
 
Layer 4 
 
 Air Layer 
(50 mm) 
  
 
Layer 5 
 Interior 
gypsum 
board 
(12 mm) 
  
 
Index 
Number 
 
 
0 
 
1 
  
 
Another input variable to be optimised is the window dimensions. It is 
to investigate the influence the orientation and dimensions of 
windows have on the cooling energy of an HVAC system due to the 
amount of daylight and the solar heat gain entering the room, as well 
as on the likelihood of mould growth on the surfaces facing the 
window area that are exposed to sunlight. The orientation of the 
window is maintained at the North orientation and its height is 
maintained at 1800 mm. The widths are varied and the 
corresponding assigned index number for the width differences are 
shown in Table 5.8. 
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Table 5.8: Window dimensions and corresponding index number 
for alternative design 
Width, W  
(mm) 
Width 
difference  
(mm) 
Index 
600 0 0 
1000 400 1 
1150 550 2 
1300 700 3 
1600 1000 4 
 
The details of the optimised variables relating to the building 
construction is summarised in Table 5.9. 
Table 5.9: Summary of optimised building construction variables 
Variable Index 
Number 
Wall Type 
 
 
1 0 
2 1 
3 2 
 
Roof Type 
 
 
1 0 
2 1 
 
Window Width Difference 
(mm) 
 
 
0 0 
400 1 
550 2 
700 3 
1000 4 
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5.5.2 Room Temperature Set-Points 
A study on thermal comfort of occupants in Malaysian hospitals was 
done by Yau and Chew (2009). From a field survey on the hospital 
workers at four hospitals in Malaysia, a new defined comfort 
temperature for Malaysian hospitals was developed, which is 
between 25.2 and 28.3°C.  There is no specific guideline that set 
design criteria for Malaysian hospitals, hence the reference to the 
Malaysian Code of Practice MS 1525:2007 which is catered for non-
residential buildings. Reference also was made from the ASHRAE 
Standard 170-2008 Standards for Health-Care Facilities for 
recommended temperature range. Comparison between the three 
sources was shown in Table 5.10. 
 
 
Table 5.10: Indoor design condition used as the basis for 
optimisation of temperature set-points 
 
Reference 
 
Temperature range  
(°C) 
Malaysian Code of Practice 
MS 1525 (2007) 
23 - 26°C 
ASHRAE Standard  
170 (2008)  
Standards for Health-Care 
Facilities 
21 - 24°C 
Yau and Chew (2009)     25.2 - 28.3°C 
 
From the comparison, it was observed that the temperature range in 
Malaysia is above the range recommended by the ASHRAE 
Standard, suggesting that the occupants in Malaysia can tolerate 
higher comfort level. By combining the ranges from the sources 
shown and taking into account the normal design practice, a new 
range of temperature is selected. The lower bound of the range is 
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24°C and the upper bound of the range is 28°C with the resolution of 
0.5°C. 
The temperature range reflects the realistic situation in which the 
occupants in hot and humid climate such as Malaysia are tolerant to 
higher thermal comfort range. There is potential for energy saving, 
where the temperature difference between the inside zone and the 
outdoor is less than that in the colder and dryer climate. At the same 
time, it overlaps with the recommended range from the Malaysian 
Code of Practice MS 1525 (2007) and with the upper limit range of 
the ASHRAE Standard 170 (2008).  
5.5.3 Room Temperature Night Set-back 
Another variable that is looked into is the room temperature night 
set-back where there is opportunity to reduce the energy use by 
increasing the room set-point above the 24°C, rather than 
maintaining the design temperature continuously. The range for night 
setback starts from 8.00 at night time since the solar heat gain is 
absent until 9.00 in the next morning before working hours. The 
maximum temperature for night setback never goes above the upper 
bound of 28°C, since this is the upper bound of the room 
temperature set-point.  
For the purpose of optimisation, the night set-back range is 
represented in fraction form where the lower bound of 24°C is 0 and 
the upper bound of 28°C is 1 with the resolution at 0.1. To illustrate 
how this works, the figure of 0.5 indicates the night temperature set-
point being at the mid-point between 24°C and 28°C, which is 26°C. 
5.5.4 Room RH Set-Points 
As previously mentioned in Chapter 3, there are several areas in 
hospitals in Malaysia were operated at higher RH than they are 
designed for.  In selecting a suitable range of room RH, the range of 
possibilities based on the existing studies and guidelines were 
looked into. Again, referring the previous study on Malaysian 
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hospitals by Yau and Chew (2009), the total RH range measured in 
the hospitals was between 44% and 79%. However, unlike 
temperature, a new RH range for Malaysian hospitals was not 
developed based on what was measured in the survey. 
 
The comfort RH range as recommended in the Malaysian Code of 
Practice MS 1525:2007 was from 55 to 70%. However, this code of 
practice applies to the design of new non-residential buildings which 
are generic, and does not include health-care facilities. The indoor 
RH being consistently above 70% may result in mould growth on the 
inside wall surface (Public Works Department Malaysia, 2009). The 
guideline and the standards developed in Malaysia were based from 
that developed in the western countries. The ASHRAE Standard 
170-2008 Standards for Health-Care Facilities recommended the RH 
of less than 60%, and the British Standard 5250 (2002) makes 
assumption that the indoor RH being consistently above 70% may 
result in mould growth on the inside wall surface.  
 
As described previously, there is no local guideline available in 
Malaysia for recommended indoor RH for isolation room. The 
references were usually taken from ASHRAE or CDC. In order to 
introduce a measure of complexity to the optimisation, it is 
suggested that the RHroom range be extended to obtain a higher 
number of possible solution.  Selection of the room RH range must 
also take into account its effect on the performance of the design 
system in eliminating contagion. It is normal practice for an isolation 
room to be equipped with Ultra-Violet Germicide Irradiation (UVGI) 
for that purpose.  
A number of studies on the influence of RHroom on the effectiveness 
of UVGI have been conducted on various numbers of micro-
organisms. Kowalski et al (2003) suggested the RH may be less 
than 65% based on existing research even though the limit value is 
not specific to any micro-organism. Xu et al (2005) stated that the 
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RHroom should be around 50% since the performance of UVGI in 
inactivating bacteria degraded significantly as RHroom increases 
from 50% to 75-90%. Lin and Li (2002) observed the different levels 
of susceptibilities for bacterial and fungal bio-aerosols between 50% 
and 80% room RH. However, for maximum effectiveness of UVGI 
performance, the room RH should be maintained at the range 
between 40% and 60%. For viruses, the susceptibility factor is higher 
at 55% room RH than at 85% (Tseng and Li, 2005).  
It was also suggested that the RH indicated from their study that the 
investigated RH range of 50 to 83% does not affect the UV 
inactivation rate of bacterial spores (Ke et al, 2009). Ko et al (2000) 
emphasized the importance of keeping the indoor RH below 75% for 
optimal performance of UVGI. It should be noted that the research 
was based on the simulated high humidity condition in the 
experimental chamber that is analogous to tropical climate.  
Since ambient RH has always been higher in the tropical climates, 
the required low RH for effective upper room UVGI in the tropical 
climate is always higher than that recommended in the studies 
conducted in the colder and drier climate. Wang et al (2009) 
consolidated all the relevant studies with respect to the factors 
influencing effectiveness of UVGI and noted that there is no clearly 
defined RH range within which the UVGI operates optimally to 
inactivate all types of micro-organisms. They also observed that the 
inactivation performance in previous studies was derived in 
controlled experiments.   
All the studies have shown that there are varied susceptibility levels 
among different types of micro-organisms to UV in different RH 
range. Studies on UVGI recommended the RH range between 50% 
and 60%. Therefore, other sources on design criteria for other non-
residential buildings were consulted. To achieve thermal comfort, the 
design criteria set by the Malaysian Code of Practice (2007) for the 
room RH is between 55% and 70%. The guideline by the Public 
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Works Department Malaysia (2009) and the BS 5250 (2002) suggest 
the RH threshold of 70% in a room. But this figure applies for general 
buildings. Having the RH above that threshold value for a time period 
may initiate mould growth, although no specific time frame has been 
given by both guidelines. 
Flexibility in terms of a longer RH range may result in a reduction in 
occupant comfort level but the number of probable solutions in terms 
of energy consumption and mould growth risk would be greater. 
Therefore, instead of selecting 55% to 70% RH range which is the 
thermal comfort range and the threshold limit set by PWD Guideline 
and the British Standards, the new selected room RH range for 
optimisation was between 50% and 80% with the interval of 0.5%. 
5.5.5 Ventilation Rate 
Memarzadeh and Jiang (2000) indicated that, in relation to the 
effectiveness of UVGI, the best ventilation rate was 10-12 h-1 for the 
winter season and 6 h-1 for the summer season. Rydock et al (2004) 
stated 15 h-1 as representative of best practice for patient room in 
Nordic hospitals.  Tung et al (2009) used 12 and 24 h-1 combined 
with different pressure differentials to evaluate the ventilation 
effectiveness of an isolation room, though no explanation was given 
as to why 24 h-1 was selected. Bannister et al (2009) recommended 
a minimum air change rate of 12 h-1 in the framework for the design 
and operation of high-level isolation units in Europe, which was in 
agreement with the level stated by the Center for Disease Control 
and Prevention (CDC, 2005). However, CDC also gave flexibility for 
the isolation rooms in existing health-care settings, where the 
minimum air change rate should be at least 6 h-1. 
The recommendation of high ventilation rate is driven by the need to 
maintain high indoor air quality (IAQ) in the isolation room so as to 
avoid cross-contamination, rather than reducing HVAC energy 
consumption. It is noted that the researches were based on the cold 
climates which require low energy to increase the ventilation rate.  
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However, maintaining 12 h-1 rate using 100 % fresh air in hot and 
humid climate already requires substantial HVAC energy 
consumption. Increasing the flow rate to 15 or 24 h-1 would result in 
not only the increase in energy use, but also the moisture intake into 
the room. A suggestion in order to to reduce energy use and 
maintaining the ventilation rate is by re-circulating a percentage of 
room air back into the supply air path, without the overall air change 
rate dropping below the minimum of 12 h-1.  
The various number of references cited discrete values of 
recommended air exchange rates. Suggested optimised range for 
the air flow rate is between 0.36 m³/s (12 h-1) and 0.72 m³/s (24 h-1) 
with the resolution of 0.01 m³/s. The selection is aimed to offer a 
higher number of probable solutions from optimisation, and to 
evaluate performance of the alternative system in terms of its ability 
to maintain the indoor air condition at very high ventilation rate. 
5.5.6 Constraints 
To recap, the two objective functions defined in this research are the 
minimisation of the HVAC energy consumption and minimisation of 
mould growth risk. The objective functions were subject to the 
constraints that have been defined. The optimisation can only be 
successful if the conditions were satisfied.  
For this research, the variables used for optimisation were imposed 
as constraints; in this case the range for room design temperature, 
room design relative humidity and the air exchange rate were 
imposed as inequality constraints, as shown in Table 5.11. 
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Table 5.11: Constraints for alternative design 
 
No. 
 
Parameter (Unit) 
 
Constraint 
1 Room temperature (C)  
2 Room relative humidity (%)  
3 Air change rate (h-1)  
4 Window dimension (mm) 
2600600
1800
≤≤
=
Width
Height
 
 
The details of the optimised variables relating to the HVAC control 
strategy is summarised in Table 5.12. 
Table 5.12: Summary of optimised HVAC control strategy variables 
 
Variable 
 
Unit 
 
Range 
 
Resolution 
Lower 
Bound 
Upper 
Bound 
Temperature Set-Point °C 24 28 0.5 
Night Setback Fraction 0.0 1.0 0.1 
RH Set-Point % 50 80 0.5 
Air Flow Rate m³/s 0.36 0.72 0.01 
5.6 Chapter Summary 
A background study on the design of isolation rooms from existing literature 
was done that indicated no available design guideline catered for Malaysian 
climate. The simulation run period using the hot and humid climate was 
evaluated and it was suggested that the shorter period was more suitable 
than running annual simulation since the climate is constant throughout the 
year and it takes four months for the zone envelope to stabilise. The 
performance of the normal design practice was investigated and the 
surface conditions were analysed for any probable risk of mould growth. 
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Preliminary results indicated that a full-fresh air system with no recirculation 
limits the extent to which the system can control the room humidity, which 
resulted in the internal surface conditions susceptible to mould growth. The 
inclusion of latent heat recovery was observed to be providing good control, 
and robustness, of the HVAC operation. The alternative design was defined 
as new base case to be used in optimisation study, in which the latent heat 
recovery was included in the HVAC system. The variables selected for 
optimisation were room temperature set-points, room relative humidity set-
points, wall and roof assemblies, window dimensions and air exchange 
rate. The optimisation process, the results from that process, mould growth 
analysis and simulation were discussed in the following Chapter 6.  
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Chapter 6 
Results and Analysis 
 
Chapter 5 gave a detailed description on the selection and justification of 
using alternative design for the simulation, mould risk analysis and 
optimisation process. The chapter also listed the number of variables to be 
optimised and justification of the ranges selected for each of the variables. 
The constraints within which the optimisation process must be undertaken 
have been listed. This chapter analyses the results from the simulation, 
mould risk analyses, as well as the optimisation of isolation room alternative 
design. Analyses are made with regards to the possibility of a trade-off 
between two conflicting design goals, namely minimising HVAC energy use 
and minimising the risk of mould growth on indoor surfaces. 
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6.4.6 Proximity of Solutions to the 
Mould Risk
6.4.1 Decision Making
6.3 Detailed 
Optimisation 
Results
6.3.2 Temperature Set-Point 
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6.3.4 Air Flow Rate Optimisation 
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Figure 6.1: Structure of Chapter 6 
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6.1 Computation process 
The simulation and optimisation process was done using the Quad 
core personal computer which has the Intel Core i7-960 processor 
with a speed of 3.2 Gigahertz. The random access memory (RAM) 
used is the DDR3 type with a capacity of 8 Gigabyte memory and the 
speed of 1333 Megahertz. The processor has 4 core and 8 threads, 
meaning that it is possible to run 8 simulations in parallel. A single 
optimisation ran at approximately 72 hours. 
6.2 Solution Characteristics  
Multi-objective optimization is intended to provide information on the 
trade-off between two or more conflicting goals (in this case, between 
HVAC system energy use and the risk of mould growth). Since the 
trade-off is represented by a set of equally optimum solutions, 
selection of a single solution for construction requires a structured 
approach to decision making. Decision-making is synonymous with 
the analysis of the solution characteristics; therefore for clarity the 
solution characteristics are discussed in advance of the decision 
making. 
There are three elements in the analysis of the solutions; the first 
element is the analysis of the trade-off between system energy use 
and the risk of mould growth, the second element is the analysis of the 
variation in the problem variables, and the final element is the analysis 
of building performance through derived quantities. The following sub-
section discusses those elements in more detail. 
6.2.1 Trade-off Analysis  
Table 6.1 gives the Pareto optimum objective function and 
problem variable values, with the trade-off between energy use 
and the risk of mould growth also being illustrated in Figure 
6.2. The energy use ranges from the lowest value to the highest 
by a factor of over 3.8; the majority of solutions are associated 
with no mould growth, although the lowest energy use solutions 
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have a risk of mould growth. The highest mould risk values fall 
below the germination limit of 1.0. However, since the 
integration period for the risk assessment is only 30 days, any 
positive risk value is likely to result mould germination if the 
similar surface conditions prevail over a longer period (which 
they are expected to, since tropical locations experience a 
small annual and diurnal variation in climatic conditions). 
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Table 6.1: Energy Use, Risk of Mould Growth and Problem 
Variables 
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Figure 6.2: Trade-off between Energy Use and Risk of Mould 
Growth (with the boxed values being grouped on 
the Zone Relative Humidity Set-point) 
The solid line represents the surface held at a constant 28°C, 
this being the predominant value of the zone temperature set-
point along the trade-off (refer to Table 6.1).  
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Figure 6.3: Mould Risk and Surface Relative Humidity (with 
the boxed values being grouped on the Zone 
Relative Humidity Setpoint) 
 
Two sets of results are illustrated in the Figure 6.3; the risk 
values calculated according to equations (1) and (2) described 
in Chapter 4, and the bias in the risk (this being calculated by 
integrating all hourly risk values regardless of whether they are 
positive or negative). A coincident value for the risk and its bias 
indicates that the surface conditions consistently result in the 
same level of risk over the 30 day integration period. This is the 
case for the majority of solutions, except those for which the 
risk value is positive; the difference in the risk and risk bias 
values for these solutions indicates that the positive risk results 
from only a subset of the integrated risk values, and that the 
average surface conditions do not contribute to mould growth. 
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6.2.2 Problem Variable Analysis  
The results in Table 6.1 indicated that there are three broad 
categories of variable:  
a) variables that have a constant value along the trade-off;  
b) variables that drive the trade-off; and 
c) variables that have an uncertain relationship with the trade-
off.  
The variables having a constant value along the trade-off are; 
the day-and night-setback zone temperature set-points, the 
outdoor air flow rate, and the type of wall construction. The day-
time zone temperature set-point is almost constant across the 
trade-off with a value of 28.0°C, this corresponding to the upper 
bound for the variable. Since the day-time temperature lies on 
the upper-bound of the variable, there was no scope for night 
set-back (night set-back in cooling operation corresponding to 
an increase in the zone temperature).  
It is conceivable that the zone set-point temperature should 
vary along the trade-off as reducing the zone temperature will 
increase the cooling energy while reducing the risk of mould 
growth (as a lower zone temperature will result in a lower 
surface temperature). However, as was shown in Chapter 4 
(refer to Figure 4.6), the sensitivity of mould growth to surface 
temperature is significantly lower than for the surface relative 
humidity. A reduction in zone temperature also increases the 
load on the HVAC system and therefore the risk that it is unable 
to maintain the zone humidity, and therefore that the risk of 
mould growth can be increased rather than reduced. This has 
been confirmed by re-optimizing the design with the upper 
bound on the zone temperature set-point reset to 26.0°C; 
Figure 6.4 illustrates that all 26.0°C solutions are all dominated 
by the 28.0°C solutions. Figure 6.1 also indicates that the base 
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case solution, which has lower zone set-point temperature of 
24.0°C, is also dominated by all solutions on the trade-off. 
 
Figure 6.4: Trade-off for Different Zone Temperature Set-
point Upper Bounds  
It might be expected that the outdoor air flow rate would be 
constant along the trade-off as increasing the outdoor air flow 
rate will increase the energy use due to the cooling and 
dehumidification load without there being any direct reduction in 
the risk of mould growth.  
Both the internal partition wall (between the ward and isolation 
room), and the external walls, have a constant Type 3 
construction along the trade-off. There are three (3) possible 
wall construction, with Type 1 being of thermally lighter weight 
and less insulated construction than both of Types 2 and 3 
(Table 5.6). The difference between Type 2 and 3 constructions 
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is that the Type 3 construction having a surface treatment to 
reduce vapour transfer, this appearing to have a significant 
impact on the performance of the fabric (although the extent to 
which it has an impact is not investigated further here).  
The variables that have an ordered change in value along the 
trade-off are the zone relative humidity set-point, and the supply 
air flow rate, and as such, these variables can be considered to 
be the main drivers for the trade-off. It is not surprising that the 
zone relative humidity set-point is the main driver for the trade-
off as it has a significant impact on both system energy use and 
the risk of mould growth. For a given zone relative humidity set-
point, the supply air flow rate drives the trade-off by helping to 
maintain the zone relative humidity (for a fixed outdoor air flow 
rate, increasing the supply air flow rate will increase the 
proportion of re-circulated air, and as such help provide more 
stable room conditions). Table 6.1 indicates that the primary 
driver for the trade-off is the zone relative humidity set-point, 
with the supply air flow rate having a secondary effect on the 
trade-off.  
The variables for that have an irregular variation in value along 
the trade-off are the ceiling construction type and the window to 
wall ratio. Two alternative celling types are possible (Table 5.7), 
the difference between Type 1 and 2 being in the outer (upper) 
layers of the construction. Since the first two layers of 
construction closest to the conditioned zone are identical for 
both construction types, and that the ceiling is modelled as an 
adiabatic surface, it is probable that there is insufficient 
difference in the thermal performance of the two constructions 
to form a distinct relationship between the ceiling type and the 
trade-off characteristic (although this requires further work to 
confirm this is the case).  
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The window-to-wall ratio has an irregular value for low energy 
use solutions, but becomes constant at the upper bound for the 
higher energy use solutions. The reasons for this characteristic 
are not clear and require further work (especially as to how the 
larger window area is associated with a low risk of mould 
growth).  
6.2.3 Analysis of Building Performance  
The analysis of the building performance is concerned with the 
extent to which the HVAC system maintains the zone 
temperature and humidity, and the resultant impact of this on 
the risk of mould growth and energy use. For all solutions along 
the trade-off, the HVAC system maintained the zone conditions 
to within 0.1°C. 
However, the bias errors in the zone relative humidity set-point 
given in Table 6.2 indicate that this was not the case for the 
zone relative humidity. For relative humidity set-points above 
60%, the zone relative humidity is generally below the set-point, 
this possibly indicating that the natural upper limit of zone 
relative humidity is approximately 70% RH (with the zone 
maintained at 28°C). As the zone relative humidity set-point is 
reduced below 60%, the HVAC system is progressively less 
able to maintain the zone relative humidity, the highest bias 
error being 6% above the set-point of 50% RH; this is largely 
due to the natural dehumidification performance limit of a 
cooling coil.  
The control error in relative humidity is however reduced as the 
supply air flow rate (and degree of air re-circulation) is 
increased. Inevitably, the surface temperature and humidity 
follow the zone temperature and humidity, with the control error 
in relative humidity having a particular impact on the surface 
relative humidity and the risk of mould growth (note that all 
surfaces have very similar average temperature and relative 
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humidity, the standard deviation in average temperature and 
humidity being less than 0.1°C and 1% RH).  
As is expected, Table 6.2 indicates that the HVAC system 
energy use is driven by the relative humidity set-point and the 
supply air flow rate. Since it would appear that the natural limit 
of zone relative humidity is approximately 70%, there is very 
little, or no re-heat energy for this or higher relative humidity 
set-points. 
Table 6.2: Energy Use, Risk of Mould Growth and Building 
Performance Metrics 
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6.3 Detailed Optimisation Results 
This section offers a more detailed description of the optimised results 
in a step-by-step manner and discusses the impact of optimising 
HVAC control strategy on the trade-off between low energy use and 
low mould risk. Comparison is also made between the solutions and 
the benchmark design. 
6.3.1 Optimised Solutions 
Convergence was achieved after 3,780 function evaluations 
and 125 population generations when the optimisation process 
was terminated. The results shown in Figure 6.5 compared the 
generations of solutions before the convergence. Comparison 
revealed that convergence was already achieved at 50 
generations since there was overlapping with the 100th 
generation of solutions. 
 
 
 
 
Figure 6.5: Trade-Off between Energy Use and Mould Risk 
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Figure 6.6 shows all the non-dominated solutions obtained 
after 125 generations using NSGA-II, where three 
discontinuous regions in the Pareto-optimal front were 
observed and they were numbered for easy reference during 
analysis. There are actually 30 solutions available. However, 
both solutions 1 and 28 have 2 identical solutions overlapping. 
It is of notable interest to observe the absence of equal spread 
along the front with breaks between the solutions at 12 and 13, 
and between solutions 17 and 18, as well as a smaller break 
between solutions 25 and 26. 
 
The total energy for the HVAC system after 30-day simulation 
was expressed as 
( )1Re DXCoilHeatFanTotal EEEE ++= −   
where 
=TotalE  Total Energy in kWh 
=FanE  Fan Energy in kWh 
Figure 6.6: Optimised Solutions after 125 Generations 
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=−HeatERe  Re-Heat Energy in kWh 
=DXCoilE  DX Coil Cooling Energy in kWh 
The calculation of the mould risk was based from the 
expression (2),  
( )2
24×
=
days
IntervalTimerisk  
where 
Time Interval =  the last 30 days of the simulated 4-month 
period (hours) 
Days = germination time in days (the time between 
the mould spores begins growth and develop its 
own spores)  
The full description of the risk model was given in Chapter 4. 
The corresponding energy use and mould risk as well as the 
set-points for the optimised solutions and the benchmark 
design are shown in Table 6.3. 
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Table 6.3: Corresponding objective functions and set-points 
for the optimised solutions and the benchmark design 
Solution TotalE
(kWh) 
Mould 
Risk 
 
Cooling 
Set-Point 
(°C) 
 
RH 
Set-Point 
(%) 
1 42602 -176.39 28 50 
2 41306 -175.56 28 50 
3 37887 -171.81 28 50 
4 34858 -168.52 28 50 
5 32625 -164.03 28 50 
6 31362 -163.65 28 50 
7 29477 -162.74 28 50 
8 29285 -151.55 28 55 
9 27082 -143.73 28 55 
10 26166 -141.79 28 55 
11 23678 -141.57 28 55 
12 23329 -140.94 28 55 
13 22655 -96.69 27.5 60 
14 20358 -95.73 28 60 
15 20344 -92.24 28 60 
16 17612 -91.66 28 60 
17 17419 -90.58 28 60 
18 17118 -43.19 27 65 
19 15863 -42.76 27.5 65 
20 13977 -41.13 28 65 
21 12318 -38.50 28 65 
22 12260 -32.76 28 65 
23 11454 -27.20 28 70 
24 10844 -21.51 28 70 
25 9147 -17.51 28 70 
26 9127 0.01 28 70 
27 7611 2.02 28 80 
28 6332 6.54 28 80 
 
6.3.2 Temperature Set-Point Optimisation Results 
The room temperature set-point was one of the variables to be 
optimised. The range was set between 24°C and 28°C, which 
also functioned as an imposed constraint.  The 28°C set-point 
was taken as the upper bound of the range based on the 
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28.3°C upper limit of comfort temperature range for hospitals 
proposed by Yau and Chew (2009).  24°C was selected since it 
was the requirement by ASHRAE and was the norm for 
isolation room HVAC system design in the Malaysia. It was 
observed that the highest ranking Pareto optimal solutions 
operate at the room temperature set-point of 28°C which is 
higher than the recommended 24°C by the ASHRAE Standard 
(2008).  
To illustrate the difference in how much energy was used to 
maintain the set-points, the simulations were run for both 24°C 
and 50% RH, which is the base case design and 28°C and 50% 
RH and the total energy (heating and cooling) in kWh for the 
last month was taken. The results were shown in Figures 6.7 
and 6.8. 
 
 
The results showed that less energy was required by the DX 
cooling coil to cool and dehumidify the outside air to meet the 
28°C room temperature set-point compared to that required for 
the 24°C set-point. 
Figure 6.7: Comparison in cooling energy between 24°C /50% 
RH and 28°C/50% RH set-points 
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The ability of the system to maintain the zone temperature and 
RH set-point conditions is measured by its error control, or bias. 
Analyses were made on the daytime bias set-point error as an 
indication of the reliability of the system to maintain the design 
conditions. The day-time bias error is justified since it is the 
harshest condition and the highest cooling load occurs during 
the day-time.  
The bias error for temperature set-point was evaluated using 
the average of differences between the actual zone conditions 
and the room set-points, numerically expressed as  
( )
( )41
n
TT
Error
n
i
SPZone
Tbias
∑
=
−
=
 
where 
ErrorTbias = Daytime Bias Temperature Set-
Point Error (°C) 
Figure 6.8: Total Energy Use between 24°C/50% RH  
and 28°C/50% RH set-points 
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TZone  = Actual Zone Temperature 
TSP  = Temperature Set-Point  
n  = Number of Evaluations 
The results for the set-point errors were shown in Table 6.4. 
Table 6.4: Daytime Bias Set-Point Error 
Solution 
 
RH 
Set-Point 
(%) 
ErrorTbias  
(°C) 
ErrorRHbias 
(%) 
1 50 0.0 1 
2 50 0.0 2 
3 50 0.0 3 
4 50 0.0 4 
5 50 0.0 5 
6 50 0.0 5 
7 50 0.0 6 
8 55 0.0 1 
9 55 0.0 2 
10 55 0.0 2 
11 55 0.0 3 
12 55 0.0 3 
13 60 0.0 0 
14 60 0.0 0 
15 60 0.0 0 
16 60 0.0 1 
17 60 0.0 1 
18 65 0.0 -1 
19 65 0.0 -1 
20 65 0.0 -1 
21 65 0.0 0 
22 65 0.0 0 
23 70 0.0 -4 
24 70 0.0 -4 
25 70 0.0 -3 
26 70 0.0 -3 
27 80 0.0 -11 
28 80 0.0 -10 
    Benchmark 50 0.6 15 
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The results indicated that there was no bias error for the room 
temperature set-point, meaning the system was able to 
maintain constant room temperature at 28°C.  
6.3.3 RH Set-Point Optimisation Results 
From the results shown in Table 6.4, it was observed that 
mould risk were present at the 80% RH set-point with 70% is 
the upper RH limit. As RH set-points decreases, the HVAC 
system total energy consumption increases in order to cool and 
dehumidify the supply air. At the same time, the risk of mould 
growth also decreases since the internal wall and roof surfaces 
getting drier as a result of less moisture content absorbed by 
the surfaces from the indoor environment. The results suggest 
that low energy and low mould risk are driven by the room 
relative humidity set-point, and it appears that the 70% is the 
natural limit of maximum humidity for a temperature set-point of 
28°C. This is in agreement with the recommendation by Public 
Works Malaysia Guidelines on the Prevention of Mould Growth 
in Buildings (2009), and the British Standards 5250 (2002). 
The re-heating of the outside air was not needed at the 80% 
room humidity. There was no necessity for the cooling coil to 
overcool and dehumidify the outside air as it would have at the 
50% RH. Therefore, a point at which overcooling may result in 
the cooling coil freezing was not reached. The implications are  
that (i) heater is not necessary if the HVAC system is to operate 
at 80% RH set-point and the heating cost is virtually eliminated, 
and (ii) the size of the DX cooling coil is reduced. However 
there is real risk of mould growth on the surface as shown by 
the results, due to the cooling coil removing less moisture from 
the outside air than it should, as a result of the HVAC system 
operating at partial-load. 
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The bias error for RH set-point was evaluated using the 
average of differences between the actual zone conditions and 
the room set-points, numerically expressed as  
( )
( )51
n
RHRH
Error
n
i
SPZone
RHbias
∑
=
−
=  
where, 
ErrorRHbias = Daytime Bias RH Set-Point Error (%)  
 
RHZone  = Actual Zone Relative Humidity 
RHSP  = Relative Humidity Set-Point 
n  = Number of Evaluations 
of which data was shown in Table 6.4, and given a graphical 
representation in Figure 6.9. There was overlapping of the 
figures, making them appear fewer than they actually are. 
 
 
Figure 6.9: Bias RH Set-Point Error 
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There were substantial bias set-point errors on the room RH. At 
80% set-point, there was indication that the system was 
actually operating between 69% and 70% RH. At 70% RH set-
point, the system actually operates at between 66% and 67%. 
The zero bias errors for solutions at 60% and 65% suggest the 
maximum controllability of the system at those set-points. At 
55% set-point, the HVAC system was starting to be struggling 
to maintain control on the room RH. The situation was getting 
worse at 50% RH set-point, when the bias error was observed 
to be at the highest of 6% and only reduced to 1% at the 
expense of very high HVAC energy use. Comparing the bias 
errors of the optimised solutions with the base case, the latter 
was observed to be having the highest margin, indicating that 
the HVAC system was not able to maintain control on the room 
RH at 50% set-point. The optimised HVAC system operated 
towards the more controllable range of 60 to 65% room RH. 
The parameter is another indicator that the RH being the main 
driving factor on the balance between low energy use and the 
low mould risk. The error margin for the base case also 
suggests that the system was not able to maintain control on 
room RH and was operating above the design limit. 
6.3.4 Air Flow Rate Optimisation Results 
The results of the total energy and mould risk in relation to air 
flow rate were shown in Table 6.5. The range was set between 
0.36 m³/s (12 h-1 ) and 0.72 m³/s (24 h-1 ), which also functioned 
as the constraint. The 0.36 m³/s figure was taken as the lower 
bound of the range based on the requirement by the ASHRAE 
and CDC Guidelines for design of new isolation room to prevent 
cross contamination, and must not fall beyond this rate.  
It is also important to recall that the optimisation and the 
simulation also took into account the parameters of infiltration 
that is set to be constantly present at 0.6 h-1 and the opening of 
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windows set between 10.00 a.m. and 6.00 p.m. Even though 
the parameters were estimation and they were not calculated in 
detail, it was sufficient in order to mimic as closely as possible 
the actual operations of an isolation room. 
Table 6.5: Air flow rate and energy use for optimised 
solutions and the benchmark design 
Solution 
Supply Air 
Flow Rate 
(m³/s) 
 
Outdoor Air 
Flow Rate 
Fraction 
(m³/s) 
FanE  
(kWh) 
HeatE −Re
(kWh) 
DXCoilE
(kWh) 
1 0.72 0.36 2509 12615 27478 
2 0.67 0.36 2335 12226 26745 
3 0.55 0.36 1917 11483 24487 
4 0.47 0.36 1638 10419 22801 
5 0.39 0.36 1359 9497 21769 
6 0.39 0.36 1359 9171 20832 
7 0.36 0.36 1255 8082 20141 
8 0.6 0.36 2091 7318 19876 
9 0.43 0.36 1498 7162 18422 
10 0.4 0.36 1394 6877 17895 
11 0.37 0.36 1289 5717 16672 
12 0.36 0.36 1255 5587 16487 
13 0.72 0.36 2509 3972 16174 
14 0.6 0.36 2091 3700 14568 
15 0.51 0.36 1777 4186 14381 
16 0.37 0.36 1289 3324 12999 
17 0.36 0.36 1255 3316 12849 
18 0.72 0.36 2509 1632 12977 
19 0.72 0.36 2509 1341 12013 
20 0.6 0.36 2091 1229 10658 
21 0.36 0.36 1255 1368 9696 
22 0.36 0.36 1255 1979 9027 
23 0.63 0.36 2195 195 9064 
24 0.71 0.36 2474 233 8136 
25 0.36 0.36 1255 272 7620 
26 0.51 0.36 1777 421 6929 
27 0.48 0.36 1673 0 5938 
28 0.36 0.36 1255 0 5077 
      Benchmark 0.37 0.37 1289 6193 23592 
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The data is shown in a graphical form in Figure 6.10. The 
supply air flow rate was found to be directly proportional to the 
fan energy for all the RH set-points. The case is true for the 
total energy is considered, as in Figure 6.11, and it appears 
that the balance was achieved at the 60% RH set-point. 
However, increasing ventilation rate was having little impact on 
the mould risk on the internal surface, shown in Figure 6.12, 
where only slight reduction of the risk metric for substantial 
energy expense. Given any combination of the temperature and 
RH, the air flow rate is a key driver to the energy consumption. 
Therefore, application-wise, there was no incentive to increase 
the ventilation rate, even though re-circulation was applied and 
increased, as it means installing bigger fan, thereby increasing 
fan energy cost to the system.  
Figure 6.10: Relationship between Supply Air Flow Rate and 
Fan Energy 
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An anomaly that occurs at 70% RH set-point, represented by 
two parallel lines, is worth further scrutiny. Even though the fan 
energy increases with higher supply air flow rate from 0.36 to 
0.71 m³/s, it does not match with the fluctuating re-heat energy 
Figure 6.11: Relationship between Total Energy Use and 
the Supply Air Flow Rate 
Figure 6.12: Relationship between Mould Risk and Supply 
Air Flow Rate 
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and cooling energy. The set of data was then re-arranged to 
investigate whether a pattern is present, as shown in Table 6.6. 
Table 6.6: Data for 70% RH set-points 
Flow 
Rate 
(m³/s) 
Mould 
Risk 
(-) 
Fan 
Energy 
(kWh) 
Re-heat 
Energy 
(kWh) 
Cooling 
Energy 
(kWh) 
Bias RH 
Set-point 
Error 
(%) 
Actual RH 
(%) 
0.36 -17.51 1255 272 7620 -3 67 
0.51 0.01 1777 421 6929 -3 67 
0.63 -27.20 2195 195 9064 -4 66 
0.71 -21.51 2474 233 8136 -4 66 
                                                   
The flow rate was divided in relation to the bias error, according 
to the actual room RH the system was running at.  The 
solutions were found to be operating at two conditions of 66% 
and 67% RH, therefore analysis was done within those two 
separate conditions. It indicated a trend of increasing fan 
energy and re-heat energy costs as higher volume of air was 
cooled and dehumidified. The higher risk mould growth was the 
result of less energy used by the cooling coil in removing the 
moisture from the supply air. The moisture then entered the 
zone to be absorbed by the internal surfaces. Exactly why the 
cooling energy is lower than it was expected to be when the 
supply air flow rate gets higher is a subject for further 
investigation.             
6.3.5 Wall Construction Optimisation Results  
There were three (3) types of wall construction considered. Wall 
Type 1 is a single brick wall with cement plastered on the 
external whereas Types 2 and 3 are double-walled. Further 
description of the wall assemblies were given in Chapter 5. For 
optimisation purposes, the wall types were categorised as 
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discrete variables and were assigned identifiers 0, 1 and 2, 
respectively, and the result shown in Table 6.7.  
Table 6.7: Wall Construction Optimisation Results 
Solution 
Total 
Energy 
(kWh) 
Mould 
Risk 
External 
Wall 
Type 
Internal 
Wall 
Type 
1 42602 -176.39 2 2 
2 41306 -175.56 2 2 
3 37887 -171.81 2 2 
4 34858 -168.52 2 2 
5 32625 -164.03 2 2 
6 31362 -163.65 2 2 
7 29477 -162.74 2 2 
8 29285 -151.55 2 2 
9 27082 -143.73 2 2 
10 26166 -141.79 2 2 
11 23678 -141.57 2 2 
12 23329 -140.94 2 2 
13 22655 -96.69 2 2 
14 20358 -95.73 2 2 
15 20344 -92.24 2 2 
16 17612 -91.66 2 2 
17 17419 -90.58 2 2 
18 17118 -43.19 2 2 
19 15863 -42.76 2 2 
20 13977 -41.13 2 2 
21 12318 -38.50 2 2 
22 12260 -32.76 2 2 
23 11454 -27.20 2 2 
24 10844 -21.51 2 2 
25 9147 -17.51 2 2 
26 9127 0.01 2 2 
27 7611 2.02 2 2 
28 6332 6.54 1 2 
 
The results has shown that Wall Type 3, which consists of 
double brick wall with polyurethane (PU) as insulation and the 
water vapour retarder at the outermost layer, contributes to the 
lowest energy use and lowest risk of mould growth compared to 
wall Types 1 and 2. The PU insulation between the double-brick 
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wall prevents heat transfer across the wall assembly from the 
outside environment into the isolation room. Since the climate is 
hot and humid, the application of the water vapour retarder 
prevents the transfer of moisture from the outside environment 
across the wall assembly, which would have increased the 
moisture content of the internal wall surfaces and increased the 
HVAC system energy consumption in removing moisture other 
than that is designed for. The selected wall construction is in 
agreement with the recommendation by the Public Works 
Department Malaysia Design Guideline (2009). 
Likewise for the internal wall, the wall type that performs best is 
the wall Type 3. The internal wall divided the isolation room and 
the ward, which is non-conditioned. Therefore, there is a 
difference in moisture content between the two zones. Having 
the water vapour retarder at the outermost layer prevents 
moisture transfer across the wall assembly from the ward into 
the isolation room.  
6.3.6 Window Size Optimisation Results 
Recalling the window dimension optimisation in Chapter 5, the 
height of the window was made constant at 1.8 metres while 
the width of the window was optimised by selecting five (5) 
width differences. The smallest window width is 0.6 metre 
(width difference = 0 m) followed by 1.0 m (width difference = 
0.4 m), 1.15 m (width difference = 0.55 m), 1.3 m (width 
difference = 0.7 m) and the biggest window width is 1.6 metre 
(width difference = 1.0 m). The window width differences were 
assigned as discrete variables with identifiers 0, 1, 2, 3 and 4, 
respectively. The relative impact of the window area on both the 
total energy consumption and the mould risk are shown in 
Table 6.8. 
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Table 6.8: Window Size Optimisation Results 
Solution 
Total 
Energy 
(kWh) 
Mould 
Risk 
Window 
Width 
Difference 
1 42602 -176.39 4 
2 41306 -175.56 2 
3 37887 -171.81 3 
4 34858 -168.52 3 
5 32625 -164.03 4 
6 31362 -163.65 1 
7 29477 -162.74 4 
8 29285 -151.55 4 
9 27082 -143.73 0 
10 26166 -141.79 0 
11 23678 -141.57 2 
12 23329 -140.94 4 
13 22655 -96.69 4 
14 20358 -95.73 4 
15 20344 -92.24 4 
16 17612 -91.66 4 
17 17419 -90.58 0 
18 17118 -43.19 4 
19 15863 -42.76 4 
20 13977 -41.13 3 
21 12318 -38.50 4 
22 12260 -32.76 3 
23 11454 -27.20 4 
24 10844 -21.51 4 
25 9147 -17.51 0 
26 9127 0.01 2 
27 7611 2.02 3 
28 6332 6.54 0 
 
The data in Table 6.6 was given graphical representation in 
Figures 6.13 and 6.14. 
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There were fluctuations of results for various window sizes at all 
RH settings. Optimisation reveals that at increasing RH set-
points, the energy use increased in inverse proportion to the 
mould risk regardless of the window area. This indicates that 
Figure 6.13: Relationship between Total Energy Use and 
the Glazed Area 
Figure 6.14: Relationship between Mould Risk and Glazed 
Area 
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the energy use and the risk of mould growth are insensitive to 
the changes in the window area. The impact of the window area 
on energy use is considered miniscule during night-time since 
the major heat components, such as the solar heat gain, are 
absent. An explanation to this insensitivity is the orientation of 
the window which is on the North wall. The solar intensity at the 
north orientation is less compared to that on the east and west. 
Thus, the solar heat gain and conduction heat gain components 
through the window at the north orientation is also less 
compared to, say, the west orientation. However, since the 
location of the window is not optimised, the impact of window 
location on the balance between low energy use and low mould 
risk is also a subject for further investigation. 
6.3.7 Roof Type Optimisation Results 
In this research, only two types of roof were considered. It was 
observed that that the roof Type 2, which consists of 
Autoclaved Aerated Concrete (AAC), water vapour retarder, 
sprayed PU, 50 mm of air layer and interior gypsum board, 
performs better than roof Type 1 which only consists of 
concrete, air layer and interior gypsum board. The roof 
construction represents an exposed roof, or it can also 
represent the ceiling of the isolation room, above which there is 
an assumed non-conditioned area. For optimisation purposes, 
the roof types were categorised as discrete variables and were 
assigned identifiers 0 and 1, respectively.  
The results in Table 6.9 suggested that, similar to the walls, the 
application of the vapour retarder and the sprayed PU prevents 
the heat and moisture transfer across the roof assembly from 
outside environment or non-conditioned area into the isolation 
room. This type of construction is also in agreement with the 
recommendation by the Public Works Department Malaysia 
Design Guideline (2009). 
Chapter 6: Results and Analysis 
 
Loughborough University  207 
 
Table 6.9: Roof Construction Optimisation Results 
Solution 
Total 
Energy 
(kWh) 
Mould 
Risk 
Roof 
Type 
1 42602 -176.39 1 
2 41306 -175.56 1 
3 37887 -171.81 0 
4 34858 -168.52 0 
5 32625 -164.03 1 
6 31362 -163.65 0 
7 29477 -162.74 1 
8 29285 -151.55 1 
9 27082 -143.73 1 
10 26166 -141.79 1 
11 23678 -141.57 1 
12 23329 -140.94 1 
13 22655 -96.69 1 
14 20358 -95.73 1 
15 20344 -92.24 1 
16 17612 -91.66 1 
17 17419 -90.58 1 
18 17118 -43.19 1 
19 15863 -42.76 1 
20 13977 -41.13 1 
21 12318 -38.50 1 
22 12260 -32.76 0 
23 11454 -27.20 1 
24 10844 -21.51 0 
25 9147 -17.51 1 
26 9127 0.01 0 
27 7611 2.02 0 
28 6332 6.54 0 
 
6.3.8 Mould Risk Results 
The total mould risk on the surfaces, the extent of which the risk 
magnitude lies above or below the threshold growth limit curve 
is shown in Table 6.10.  
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Table 6.10: Mould risk components of the optimised solutions 
Solution Mould Risk 
South 
Wall 
Risk 
West 
Wall 
Risk 
North 
Wall 
Risk 
Internal 
Wall 
Risk 
Roof 
Risk 
1 -176.39 -35.1 -35.3 -35.2 -35.1 -35.6 
2 -175.56 -34.9 -35.1 -35.1 -35.0 -35.5 
3 -171.81 -34.2 -34.4 -34.4 -34.3 -34.5 
4 -168.52 -33.6 -33.8 -33.7 -33.6 -33.9 
5 -164.03 -32.6 -32.9 -32.8 -32.7 -33.1 
6 -163.65 -32.6 -32.8 -32.8 -32.6 -32.9 
7 -162.74 -32.3 -32.5 -32.4 -32.3 -33.2 
8 -151.55 -29.8 -30.3 -30.1 -29.9 -31.5 
9 -143.73 -28.3 -28.8 -28.7 -28.4 -29.6 
10 -141.79 -27.9 -28.4 -28.3 -28.0 -29.2 
11 -141.57 -27.7 -28.2 -28.1 -27.8 -29.7 
12 -140.94 -27.6 -28.1 -28.0 -27.7 -29.6 
13 -96.69 -18.3 -19.1 -18.9 -18.5 -21.9 
14 -95.73 -18.1 -19.0 -18.8 -18.3 -21.5 
15 -92.24 -17.7 -18.5 -18.3 -17.8 -19.9 
16 -91.66 -17.3 -18.1 -17.9 -17.5 -20.8 
17 -90.58 -17.1 -17.9 -17.8 -17.3 -20.6 
18 -43.19 -7.8 -8.3 -8.2 -8.1 -10.8 
19 -42.76 -7.7 -8.3 -8.1 -7.9 -10.8 
20 -41.13 -7.4 -8.0 -7.8 -7.5 -10.4 
21 -38.50 -6.9 -7.5 -7.3 -7.0 -9.7 
22 -32.76 -6.3 -6.8 -6.7 -6.4 -6.6 
23 -27.20 -4.8 -5.2 -5.1 -4.9 -7.2 
24 -21.51 -4.0 -4.3 -4.2 -4.0 -4.9 
25 -17.51 -3.0 -3.3 -3.3 -3.1 -4.8 
26 0.01 -2.8 -3.0 -3.0 -2.8 0.0 
27 2.02 0.4 0.3 0.3 0.4 0.5 
28 6.54 1.5 1.3 1.3 1.1 1.2 
       Benchmark 0.09 0.0 0.0 0.0 0.0 -27.6 
        
To recall the developed mould growth risk model based on that 
by by Sedlbauer (2001), the minimum mould growth threshold 
limit curve corresponds to the generalized Lowest Isopleth for 
Mould, below which there is no biological activity takes place on 
a building surface. The duration for the threshold limit curve is 
approximately 32 days, after which mould spore germination 
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occurs. The maximum mould growth threshold limit curve 
corresponds to the 1-day limit curve, above which the spore 
germination takes place less than 1 day.  
Any surface condition that lie between these two curves were 
calculated for its mould risk and the duration for mould spore 
germination using the expression of risk  = time interval /days 
x 24, where the time interval, that is the last month of the 
simulation run period, which is 30 days calculated in hours and 
days representing the period after which the mould spores 
would have germinated.  
Taking the mould risk of 2.02 at 28°C/80% RH set-point as an 
example,  the duration after which mould growth takes place is 
1/days x 720/24 =2.02, days=(30/2.02) = 14.8 days. This is 
equivalent to a 15-day period after which until 32 days, the 
mould growth has already occurred on any of the internal wall 
surface. 
Conversely, if the mould risk is computed as a negative, it 
indicates the magnitude above the 1-day limit curve and is 
added to the distance between the minimum and maximum 
threshold curves. The total distance will be that below the 
minimum threshold curve. Therefore, the solution at 28°C/50% 
RH set-point having the mould risk of -176.39  has the metric of 
-176.39/30 = -5.9 days     
A few solutions present mould risks. It was observed that the 
total mould risks were highest at the room conditions of 
28°C/80% RH with the magnitudes of 2.02 and 6.54, with mould 
risks occurred at all the wall surfaces and the internal roof 
surface. At 70% RH set-point, the magnitude of the total mould 
risk was 0.01 as shown in the shaded area, indicating that the 
system was operating on the threshold limit. There was a 
likelihood that mould would grow on the roof surface after 32 
days.  
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The small difference between outdoor RH and the indoor RH 
resulted in low cooling and dehumidification as well as no re-
heating but the implication was that moisture was not 
sufficiently removed by the cooling coil as a result of complying 
with the high set-points. As the RH set-points were decreased, 
the mould risks for all the internal surfaces were also reduced, 
meaning the further down the conditions from the mould growth 
limit curve, the more reliable the system is in maintaining 
control of the conditions.  
The result for the benchmark design is worth mentioning as it 
showed the total mould risk magnitude of 0.09. There was 
likelihood of mould growing on all internal surfaces except the 
roof, meaning the zone conditions were actually maintained at 
the threshold limit curve, rather than at the design set-points.  
6.3.9 Energy Use Results 
The results of the energy components of the HVAC system with 
respect to the optimised solutions are shown in Table 6.11. 
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Table 6.11: Energy Components of the Optimised Solutions 
Solution TotalE  
(kWh) 
FanE  
(kWh) 
HeatE −Re  
(kWh) 
DXCoilE  
(kWh) 
1 42602 2509 12615 27478 
2 41306 2335 12226 26745 
3 37887 1917 11483 24487 
4 34858 1638 10419 22801 
5 32625 1359 9497 21769 
6 31362 1359 9171 20832 
7 29477 1255 8082 20141 
8 29285 2091 7318 19876 
9 27082 1498 7162 18422 
10 26166 1394 6877 17895 
11 23678 1289 5717 16672 
12 23329 1255 5587 16487 
13 22655 2509 3972 16174 
14 20358 2091 3700 14568 
15 20344 1777 4186 14381 
16 17612 1289 3324 12999 
17 17419 1255 3316 12849 
18 17118 2509 1632 12977 
19 15863 2509 1341 12013 
20 13977 2091 1229 10658 
21 12318 1255 1368 9696 
22 12260 1255 1979 9027 
23 11454 2195 195 9064 
24 10844 2474 233 8136 
25 9147 1255 272 7620 
26 9127 1777 421 6929 
27 7611 1673 0 5938 
28 6332 1255 0 5077 
Benchmark 31074 1289 6193 23592 
 
At the 80% RH set-point, the total energy use was the minimum 
which comprised of only fan and DX coil cooling energy without 
re-heat, as shown in the shaded area. Since the RH was at 
80%, substantial cooling was not required to dehumidify the 
outdoor air and no heating of the supply air is required.  
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Decreasing the zone RH set-points from 80% to 50% resulted 
in decreased mould risk. However, the penalty was the 
increase in re-heating energy since the cooling and 
dehumidifying process to achieve low room RH results in the air 
being overcooled towards the dew-point of the supply air. The 
implication is the freezing of the cooling coil of the DX system. 
There was a need to re-heat the overcooled air towards the 
room design temperature and RH. 
Comparing the base case with the rest of the optimised 
solutions revealed that there was considerable cooling and re-
heat energy use by the HVAC system to meet the 24°C/50% 
set-point.  
6.3.10 Discussion 
The presence of a number of Pareto optimal solutions has an 
advantage in providing building designers and owners with a 
decision making tool for design based on the priorities between 
two design goals. A decision can be made on whether to design 
with efficient building energy performance in mind and accept a 
compromise on the likelihood of mould growth on internal wall 
surfaces or to have a mould-free isolation room as the design 
objective and there is no constraint on the energy cost. 
The optimal solutions in Figure 6.15 were divided and grouped 
into design set-points.  Of particular interest is the position of 
the base case solution as a reference point that lies above the 
Pareto front, indicating that in terms of the design objectives, it 
is dominated by all but a couple of the Pareto optimal solutions. 
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Taking the room design conditions of 28°C/50% as an example, 
the points 1 to 7 represented solutions with different values for 
the same optimised variables; for the same design condition, a 
number of options are available. For these range of solutions, 
the total mould risks have very large negative number, meaning 
the zone conditions were operating far below the threshold 
mould growth limit curve. Therefore, there is likelihood that it 
would take more than 32 days for mould growth to occur on the 
internal surfaces. As the solutions move from 1 to 7, the total 
energy consumption required to maintain the zone condition 
decreases while at the same time the mould risks gradually 
increases.  
The case is also true for other solutions in respective RH set-
points until the design condition of 28°C/70% RH. The solution 
26 at has the mould risk magnitude of 0.01, indicating that zone 
conditions are very slightly above the threshold mould growth 
limit curve. It suggests that 70% is the upper RH limit. At the 
end of the Pareto front in the ellipse, the solutions at 28°C/80% 
Figure 6.15: Pareto optimal solutions based on room set-points 
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RH operate at beyond the upper RH limit and the mould risks 
were present. Solution 28 provided the lowest total energy use 
but also the highest risks of mould growth.  
The results of the base case has shown that operating at 
24°C/50% RH incurred high energy consumption but the risk of 
mould growth was present at 0.09. It can be concluded at this 
point that the normal design practice was not optimum since it 
incurred high energy cost yet still there was a possibility of 
mould growth. 
To illustrate, a number of solutions of interest in Figure 6.14 
were selected and compared. The differences in energy use 
and the magnitude of mould risks for these selected solutions 
were shown in Table 6.12. 
Table 6.12: Differences in total energy and mould risk for 
neighbouring solutions 
Solutions ∆E  
(kWh) 
∆ Mould Risk  
(-) 
1 & 2 1296 0.83 
5 & 6 1263 0.38 
10 & 11 2488 0.22 
13 & 14 2297 0.96 
14 & 15 14 3.49 
15 & 16 2732 0.58 
21 & 22 58 5.74 
25 & 26 20 17.5 
 
Comparing solutions at point 1 or 2 revealed that they do not 
dominate each other since solution 1 has higher energy 
consumption while solution 2 has worse mould risk; in essence, 
both solutions have one design goal better off and one design 
goal worse off. Selecting 2 over 1 would result in 1296 kWh 
less energy used but an increase in magnitude of mould risk of 
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0.83. In this case, however, both the solutions have operating 
conditions at a considerable distance below the threshold 
mould growth limit curve, and thus the mould risk is regarded 
as a “second order” problem. If efficient building energy 
performance is preferred to indoor air quality with an acceptable 
miniscule increase in mould growth risk, then solution 2 is 
preferred. The case is similar for comparisons between points 5 
and 6, 10 and 11, 13 and 14, and between15 and 16. 
Comparisons between 14 and 15, as well as 21 and 22, were 
interesting since the difference in total energy consumed is only 
14 kWh. However, the difference in magnitude of the mould risk 
is considerable, even though the solutions lie much further 
below the threshold limit. It does suggest that if the priority is to 
lower the risk is much as possible without incurring substantial 
energy cost, then the solutions 14 and 21 are preferred. 
Solutions 25 and 26 are solutions where the zone conditions 
operate near and on the threshold limit above which mould 
would grow on internal surfaces. Selecting point 26 results in 
the likelihood of mould growth in 32 days but increasing the 
HVAC system energy by 20 kWh eliminates that risk. Therefore 
selecting solution 25 is a sounder step. 
6.3.11  Summary 
It was observed that the highest ranking Pareto optimal 
solutions operate at the room temperature set-point of 28°C 
which is higher than the recommended 24°C by the ASHRAE 
Standard (2008). The results suggest that low energy and low 
mould risk are driven by the room relative humidity set-point, 
and it was observed that the mould risk was detected on the 
threshold limit at 70% RH set-point, indicating 70% as the 
upper RH limit. The air flow rate is another driving factor for the 
total energy where the gradual increase in the ventilation rate, 
contributed to the increase in the fan energy.  
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The results from the construction optimisation showed that Wall 
Type 3, which consists of double brick wall with polyurethane 
(PU) as insulation and the water vapour retarder at the 
outermost layer, contributes to the lowest energy use and 
lowest risk of mould growth compared to wall Types 1 and 2. 
Having the water vapour retarder at the outermost layer 
prevents moisture transfer across the wall assembly from the 
outside environment as well as the non-conditioned ward into 
the isolation room. The roof Type 2, which consists of 
Autoclaved Aerated Concrete (AAC), water vapour retarder, 
sprayed PU, 50 mm of air layer and interior gypsum board, 
performs better where the application of the vapour retarder 
and the sprayed PU prevents the heat and moisture transfer 
across the roof assembly. It was also found that the energy use 
and the risk of mould growth is insensitive to the changes in 
window size. 
Analyses were made on the daytime bias set-point error as an 
indication of the reliability of the system to maintain the design 
conditions. There was no bias error detected for the room 
temperature set-point, indicating the system was able to 
maintain control on room temperature at 28°C. The zero bias 
errors for solutions at 60% and 65% RH set-points suggest the 
limit of system control for the RH set-point is between 60% and 
65%. The RH bias set-point error is another indicator that the 
RH set-point is the main driving factor to the balance between 
low energy use and the low mould risk. The base case was 
shown to be having the largest daytime bias RH set-point 
compared to other optimised solutions with 15%, meaning the 
isolation room was actually operating at 65% RH. This result 
suggests that the base case HVAC system was not able to 
maintain control on room RH and was operating above the 
design limit. 
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6.4 Selection Criteria 
Based on the results analysed, it is now possible to use those results 
to form a set of criteria from which the selection can be made on a 
single most optimum solution, or a set of plausible solutions. The 
criteria for selection are as discussed in the following sub-sections. 
6.4.1 Decision Making  
Multi-objective optimization has the advantage that the Pareto 
set of solutions can be analysed to obtain an understanding of 
the problem characteristics. However, it has the possible 
disadvantage that a single solution must eventually be selected 
for construction. The decision as to which solution is selected is 
made from an understanding of the problem characteristics, as 
well as preferences not directly included in the optimisation 
(these often being of a subjective).  
Given that there is only marginal risk of mould growth, it would 
be tempting to select a low energy use solution (perhaps even 
for a relative humidity set-point at or above the natural limit of 
70% RH). However, given the uncertainty the quality of final 
construction it is likely that as the system performance 
deteriorated with age, that mould growth would occur. 
Conversely, there appears to be little reason to select a very 
high energy (low relative humidity) solution as mid-energy 
solutions are also associated with a low risk of mould growth.  
 
Table 6.2 indicated that the best control of humidity is achieved 
for a relative humidity setpoint of 60%RH. Figure 6.3 also 
indicated that the solutions for 60% RH are isolated in term of 
their position on the risk characteristic, and are in a region away 
from the point of inflection after which the risk tends towards 
mould growth. Given the preference (if possible), to use a 100% 
outdoor air a flow rate of 0.36 m3/s is also be selected here as 
being the choice for construction. 
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Table 6.13: Optimised and Base Case Designs 
 
Design Parameter  Unit Optimised 
Design  
Base Case 
Design  
Temperature set-point  (°C) 
 
28.0 24.0 
Night setback temperature 
set-point  
 
(°C) 28.0 28.0 
Relative humidity set-point  
 
(%) 60 50 
Wall construction type  (-) 
 
Type 3 Type 1 
Ceiling construction type  
 
(-) Type 2 Type 1 
Window area  
 
(%) 20.0 9.0 
Energy Use  
 
(kWh) 17421 30313 
Mould Risk   
 
(-) -16.5 0.05 
Temperature control error 
bias  
 
(°C) 0 1 
Relative humidity control error 
bias  
(%) 1 15 
 
The single solution for construction is given in Table 6.13, 
together with the standard benchmark design solution. Not only 
does the optimised solution have a 43% lower energy use, but 
it is associated with a significantly lower risk of mould growth. 
The optimised solution is also able to maintain control of both 
the zone temperature and relative humidity, whereas this is not 
the case for the base case design. This result suggests that the 
reason that mould growth occurs for the standard design is that 
the system is unable to maintain control of the zone relative 
humidity (the higher zone humidity leading to mould growth). 
6.4.2 Suitability for Thermal Comfort 
Although all solutions are considered acceptable since they are 
a result of the specified variable range-with respect to the 
balance between thermal comfort and energy efficiency, the 
room temperature set-point of 28°C is on the upper limit of the 
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range that is where the energy consumption is the least. 
Although thermal comfort is not the objective of this research, 
the results are in agreement with the proposed thermal comfort 
range of 25.2 to 28.3°C for tropical hospitals by Yau and Chew 
(2009).  
6.4.3 Controllability of Temperature and RH 
It is critically important for the isolation room temperature and 
relative humidity to be to consistently maintain to ensure the 
indoor air quality is maintained. Therefore, HVAC system must 
be ensured that performs as designed and control is maintained 
on the room conditions so as not result in the deteriorating of 
the indoor air quality. The results have shown that the HVAC 
system was struggling to maintain the normal design room RH 
at 50%, with the bias error of up to 6% and also struggling to 
maintain control at the maximum room RH range. The 
converging patterns of the bias error at both sides of the Pareto 
solutions suggest that the HVAC system performs most 
optimum at the conditions between 60 and 65% RH where it 
has full control. 
6.4.4 System / Building Capital Costs 
One feasible strategy to reduce the HVAC system capital cost 
is to operate at high room set-points with reduced re-heater 
size, or possibly eliminating its use in the HVAC system. The 
implication is the reduced or nil use of re-heat energy as were 
shown by the solutions at 28°C/70% or 28°C/80% set-points. 
Caution should be taken, however, that 70% is the upper RH 
limit permissible. Going higher than the limit means operating in 
conditions within the mould growth threshold curve that suggest 
presence of mould growth on internal surfaces. 
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6.4.5 Comparisons against Normal Practice 
The existing guidelines required that 100% fresh air is required 
for the purpose of ventilating the isolation room and entirely 
exhausting the room air to outside environment. The minimum 
ventilation rate is 12 h-1 (0.36 m³/s) and the indoor design 
condition of 24°C/50% RH to be maintained continuously. The 
normal design practice of the isolation room in hot and humid 
countries like Malaysia was based on these requirements that 
are suited for temperate countries. However, as was shown in 
previous results, the base case solution incurred very high 
energy use and still not able to maintain the room RH with the 
bias error of 15%, indicating that in the context of energy 
reduction and minimising mould risk, the base case solution is 
not a feasible option. On the other hand, the Pareto solutions 
have shown that saving energy and minimum mould risk can be 
achieved when operating at higher room set-points. These 
results can be used as comparison against what has been used 
as normal practice in HVAC system design for isolation room.  
The optimisation results have shown that increasing the 
ventilation rate also increases the total energy. Re-circulation is 
possible as a strategy to minimise the mould risk without the 
reducing the outside air flow rate. However, the reduction of 
mould risk is very small for the given range. More importantly, 
the supply air flow rate is directly proportional to the fan energy 
cost. Therefore, there is not much incentive in operating at 
higher ventilation rates. 
6.4.6 Proximity of Solutions to the Mould Risk 
Another important criterium is the proximity of the solutions to 
the positive and negative mould risks. As was shown in the 
results, operating at very high set-points carry the risk of mould 
growing on the surface since there is moisture entering into the 
zone as a result of high RH set-point. The risk is taken as the 
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product of the fraction of an hour multiplied with 1/days, in this 
case the ‘days’ refer to the day curve with the number of days 
taken for mould to grow. Taking an example of the solution at 
28°C/80% RH with the mould risk index of 6.54, it is equivalent 
to 30 days/6.54 = 4.58 days. This was translated to the 4 day 
growth limit curve. Mould growth may not necessarily occur 
after four successive days of surface exposure, but it would 
already had taken place within 30 days of operation. On the 
other hand, solutions at 28°C/50% RH have the mould risk of -
176.39, much beyond the minimum threshold curve of 32 days. 
The risk of mould growth is much remote the lower the room 
set-points are. 
6.5 Chapter Summary 
This chapter analysed the results from the simulation, mould risk 
analyses, as well as the optimisation of isolation room alternative 
design. The analyses have shown that through optimisation, a Pareto 
front existed indicating a balance between low HVAC energy use and 
low mould risk. The HVAC system was shown to be able to provide 
control on the room conditions of 28°C and the RH set-point between 
60% and 65%. However, the upper RH limit of 70% was observed, 
and there was mould risk present at the design conditions of 
28°C/80% RH. The results indicated that RH set-point is the main 
driving factor. Another driving factor was the air flow rate where 
increasing the amount of supply air increases the fan energy. The 
results also have shown that the benchmark design based on normal 
practice was not suitable for the hot and humid climate since high 
energy consumption was incurred but the HVAC system was not able 
to control the room condition that resulted in a likelihood of mould 
growth. The next chapter revisits the aims and objectives of the 
research and compare them with the results analysed, discusses the 
limitations and offers a few recommendations for further research.  
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Chapter 7 
Conclusion and Recommendation 
 
The previous chapter analysed the results from the simulation, mould risk 
analyses, as well as the optimisation of isolation room alternative design. 
Analyses were made with regards to the possibility of a trade-off between two 
conflicting design goals, namely minimising HVAC energy use and minimising 
the risk of mould growth on indoor surfaces. This chapter takes a look back at 
the aims and objectives of the research and compare them with the results 
analysed, and in the process attempts to answer a few issues raised. It also 
discusses the limitations and offers a few recommendations for further 
research. The chapter ends with concluding remarks. The overall structure of 
this chapter is shown in Figure 7.1. 
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Figure 7.1: Structure of Chapter 7 
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7.1 Chapters Summary 
Chapter 1 gave a background on the design and operation of isolation 
rooms for hospital buildings located in hot and humid climates, where the 
normal practice of  was the continuous operation of the HVAC system in 
order to maintain indoor air quality. The room design parameters are 
24°C and 50% RH which were based on the design standards and 
guidelines applicable for temperate countries such as the United 
Kingdom. The implication was that these rooms have HVAC system 
operating at high energy consumption, resulting in high carbon 
emissions. Apart from the HVAC system design, climate has large 
influence on the choice of construction materials for a building. There 
was a need, to minimise the high energy use of the HVAC systems that 
serve the critical areas in tropical hospitals, and at the same time 
minimising the risk of mould growing in these areas which may be 
detrimental to the health of occupants. The chapter also describes the 
aim of the research, which is to investigate the minimisation of both the 
energy use and risk of mould growth in hospital buildings located in a 
tropical climate such as Malaysia, while identifying the relationship 
between these two criteria- through the use of model-based optimisation.  
Chapter 2 discussed the factors leading to mould growth in buildings and 
the extent to which the "risk" of mould growth in buildings, and 
procedures for predicting the risk, were studied in existing literature. An 
overview of existing modelling approaches available in predicting mould 
growth was given in a literature survey, revealing several approaches in 
evaluating mould growth risk, such as applying a threshold value to 
surface relative humidity, or devising a mould index based on visual 
observation. In the context of the research, it was required that the mould 
growth model be able to (i) incorporate temperature, surface RH and 
time taken for mould species to grow, since the three parameters 
interlink, (ii) the surface temperature and surface RH ranges be suitable 
to the hot and humid climate, and (iii) be able to take into account all the 
mould species that thrive in that climate. The approach using Lowest 
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Isopleths for Mould (LIM) developed by Sedlbauer (2001) was selected 
since it fulfilled the requirements. 
The development of building optimisation, specifically building 
construction, HVAC system, and HVAC system operation was also 
covered. Current design practice for hospital design in Malaysia and the 
comparison with measured performance in available literature were 
discussed –It was observed that there was no consensus among the 
international design standard and guidelines with regards to the indoor 
conditions for the isolation rooms. Furthermore, there is neither available 
standard for design and performance of Malaysian hospitals, nor is there 
specific researches done on isolation room energy performance in 
Malaysia. In consequence, the isolation rooms in Malaysian hospitals are 
designed using available guidelines and standards that are not actually 
taking into account the local climate. Current research on isolation room 
design were mostly focused on improving the effectiveness of ventilation 
in preventing cross-contamination and increasing thermal comfort of 
occupants. 
Chapter 3 gave a background study on the performance of Building 
Performance Simulation (BPS) programs and selected the BPS based on 
its ability to (i) analyse and evaluate the dynamic thermal heat transfer, 
moisture transfer and storage in building materials, (ii) to simulate the 
impact the HVAC system performance and controls have on the 
modelled zone and its surface conditions, and (iii) able to take into 
account the uncertain parameters such as infiltration. An integrated 
approach, that is the whole building simulation, was used in which it 
combines the mass and heat balance with hygrothermal analysis. This 
approach gives sufficient accuracy with lower computing cost, particularly 
processing time, compared to the combination of two (2) independent 
simulation programs, or co-simulation. The EnergyPlus program was 
selected for the research due to its features that met the required 
abilities.  
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Multi-objective optimisation problem has two goals; the first was to find a 
set of solutions as close as possible to the Pareto-optimal front, while the 
second was to find a set of solutions as diverse as possible. Since the 
research uses a real-world problem as a base case, and real world 
problems usually have more than one objective functions, multi-objective 
optimisation approach was selected. The genetic algorithm (GA) search 
method was selected due to its ability to capture a number of solutions 
on a single run of simulation. In order to create a more diverse population 
of solutions, the genetic algorithm operators, such as the tournament 
selection, uniform crossover and the mutation operators are used. The 
NSGA-II, which was a variant of GA, was selected because of its fast 
sorting and good archiving of non-dominated solutions. The interfacing 
between the NSGA-II and the simulation output from EnergyPlus was 
given further description. 
Chapter 4 gave a further explanation on the selected mould growth 
model by Sedlbauer (2001), a brief description of which was given in 
Chapter 2. The selected generalised mould growth limit curve was 
based on the selected mould hazard class B/C, and termed as Lowest 
Isopleth for Mould (LIM), below which there is no biological activity taking 
place. The LIM was re-created using exponential curve-fit to represent 
the threshold curve above which there is high likelihood of mould growth.  
The surface temperature range of interest was limited to between 20 and 
30°C to take into account the corresponding actual operating room 
temperature range in tropical hospitals. Four months of simulation period 
was run, from which the risk of mould growth was calculated using the 
data on the last month.  
Two modifications were made in order to predict the degree to which 
there is a risk of mould growth as well there being a risk, namely (i) by 
mirroring the germination isopleths about the Limit isoline and treating 
conditions below the Limit isoline as having a negative germination time, 
and (ii) by taking into account the transient, rather than static, surface 
temperature and relative humidity.  
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The characteristics of the extended mould risk model were also 
described, namely (i) that the normal limit for the degree of germination 
(denoted as 1.0) is not applied since the measure of risk varies with all 
surface conditions, (ii) the risk of mould growth is more sensitive to 
changes in surface relative humidity than the changes in surface 
temperature, and (iii) the risk model is not continuous near the Limit 
isoline. The model was then interfaced with the EnergyPlus where the 
data from simulation output was fed into the model for mould risk 
analysis. 
Chapter 5 described in full detail the performance of a base case 
isolation room, based on the normal design practice. In the context of 
simulation period, the justification of using monthly period rather than the 
annual period was given. The Malaysian climate is constantly hot and 
humid throughout the year; therefore, monthly simulation sufficiently 
represents the climate and also reduces simulation time. Another 
observation was that the zone envelope tends to stabilise after the first 
four months. Thus, instead of running simulation a full year simulation, a 
compromise was made to run the simulation for four months and the 
zone analysis was done using the final month. The EnergyPlus program 
explained in Chapter 3 and the extended mould growth model described 
in Chapter 4 were then incorporated to evaluate the performance of the 
base case design, the HVAC system and its operation to investigate the 
mould growth risks on the surfaces in the isolation room, and the energy 
consumption of its HVAC systems designed according to standard 
practice. Uncertainty parameters were included in deterministic manner 
to assess their impact on the building performance, such as scheduled 
window opening for a few hours during day-time and fixing the outdoor 
infiltration at 0.5 h-1 to be constantly available during operation. 
Comparison was also made between different construction types. 
Results have shown that the indoor conditions based on normal design 
practice were not ably maintained by the HVAC system where the room 
RH was found to be above 70% for most of the four-month simulated 
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period. There was implication that mould growth on internal surfaces is 
likely to occur.  
An alternative design was proposed, its performance was simulated and 
mould growth risk on the surfaces was analysed. Heat recovery, initially 
not considered in the base case, was incorporated into the HVAC 
system. The problem variables were also defined, namely the room 
temperature set-point range (between 24 and 28°C), RH set-point range 
(between 50 and 80%), and the air flow rate (between 0.36 and 0.72 
m³/s). The construction parameters defined for optimisation were wall 
types, glazing area, and ceiling type. 
Chapter 6 analysed the results from the simulation, mould risk analyses, 
and the optimisation of isolation room alternative design. There are three 
elements in the analysis of the solutions; the first element is the analysis 
of the trade-off between system energy use and the risk of mould growth; 
the second element is the analysis of the variation in the problem 
variables; and the final element is the analysis of building performance 
through derived quantities. 
7.2 Conclusions of Research 
To recap, the aim of this research is to investigate a relationship between 
minimising energy use and minimising mould growth risk in tropical 
hospitals using simulation and optimisation, with special attention to the 
isolation rooms in Malaysian hospitals. This section gives a conclusion 
on the results and analyses from the simulation and optimisation of the 
alternative design in Chapter 6 and compares them against that aim. 
7.2.1 Trade-Off between HVAC Energy Use and Mould Growth 
Risk 
The results in Chapter 6 have shown that a trade-off exists 
between the low energy use of the HVAC system and the low 
mould risk.  
The comparison between the optimised solutions and the 
standard benchmark design solution has shown that, not only do 
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the optimised solutions have lower energy use, they are also 
associated with a significantly lower risk of mould growth. The 
optimised solution is also able to maintain control of both the zone 
temperature and relative humidity, whereas this is not the case for 
the benchmark design. This result suggests that the reason that 
mould growth occurs for the standard design is that the system is 
unable to maintain control of the zone relative humidity (the higher 
zone humidity leading to mould growth). The results also indicated 
that the room upper RH limit is 70% and suggests that RH was the 
main driver to the energy use. 
The measure of reliability for the HVAC system on the room 
condition was measured by its ability to maintain control of the 
room design set-points. The RH bias set-point error is another 
indicator that the RH set-point is the main driving factor to the 
balance between low energy use and the low mould risk. The 
optimisation results indicated that the best control of humidity is 
achieved for a relative humidity set-point of 60%RH. It is also 
indicated that the solutions for 60% RH are isolated in term of their 
position on the risk characteristic, and are in a region away from 
the point of inflection after which the risk tends towards mould 
growth. 
The air flow rate was another factor influencing the relationship 
between low energy use and low mould risk. Given the 
preference, a 100% outdoor air flow rate of 0.36m3/s is 
recommended as the choice for construction. 
A double brick wall with polyurethane (PU) as insulation and the 
water vapour retarder at the outermost layer is recommended 
since it contributed to the lowest energy use and lowest risk of 
mould growth. Having water vapour retarder at the outermost 
layer prevents moisture transfer across the wall assembly from the 
outside environment as well as the non-conditioned ward into the 
isolation room.  
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For roof construction, a layer consists of Autoclaved Aerated 
Concrete (AAC), water vapour retarder, sprayed PU, 50 mm of air 
layer and interior gypsum board is recommended since the vapour 
retarder and the sprayed PU prevents the heat and moisture 
transfer. 
7.2.2 Heat Recovery Mechanism for Moisture Control and 
Energy Reduction 
Present design practice of the isolation room in Malaysia follows 
strictly the standards and/or guidelines, such as those by 
ASHRAE, which are more applicable in the temperate countries. 
In order to validate the design practice, the performance of a 
single-zone isolation room based on actual construction in 
Malaysian hospitals was simulated using EnergyPlus. The HVAC 
system in the simulation was based on the actual DX system 
installed in the isolation rooms in the hospitals in Malaysia. 
Simulation results suggest that there was small deviation for room 
temperature from design room temperature of 24°C but there was 
big deviation for room relative humidity (RHroom) from the 50% 
design room RH. The research has shown that the current design 
practice does not work. 
The total energy results suggest that the inclusion of enthalpy heat 
recovery in the HVAC system is an influential factor in maintaining 
room RH, where moisture was removed more successfully rather 
than relying on the DX cooling coil alone to do the job. This results 
in the energy consumption of the DX cooling coil being reduced 
compared to the base case, which represents the normal practice 
in Malaysia. It may be possible to predict the problems 
encountered regarding the moisture content in the room that may 
lead to probable mould growth on wall surfaces, and also the high 
energy consumption due to continuous nature of operation and 
not employing energy-saving measures. Therefore, enthalpy heat 
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recovery is a crucial component in controlling the mould risk and 
minimising HVAC energy use. 
7.2.3 Review of Isolation Room Design in Malaysian Climate 
HVAC design reliability issue of maintaining indoor condition set-
points with respect to energy usage needs to be tackled.  That 
being the case, in the context of energy use, it is sufficient to use 
the recommended temperature range of 25 to 28°C as a base for 
review. 
In the context of building design and construction, a holistic 
approach should be taken. Building envelope needs to be 
designed with more thought on the climate and must not be 
independent of the required active HVAC system, the design of 
which is dependent on available guidelines only  
The research has pointed out that there is a need to revise the 
current design limit for the isolation room in Malaysia and 
introduce a new room design conditions that take into account the 
aspects of energy consumption and mould risk. Simulation and 
optimisation results as well as mould risk analysis have shown 
that the normal design condition of 24°C and 50% RH incurred 
high energy consumption but cannot maintain room RH, the result 
of which the mould risk was evident. 
7.2.4 Elements of Uncertainty in Isolation Room 
The uncertainty elements, such as user behaviour that results 
from different thermal comfort levels between individuals, are ever 
present. Different types of response, such as opening windows 
and/or changing the room temperature setting, do affect indoor 
conditions. Simulation results showed that user behaviour does 
have an impact on the moisture behaviour in the room. One 
example is introducing ambient air with very high moisture content 
which results in increased room RH, since this moisture is 
uncontrolled. Hence it is not removed by the cooling coil. Ingress 
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of outside air with high moisture content contributes to moisture 
build-up in the room and this moisture is eventually absorbed by 
the wall surfaces or furniture, providing suitable medium for spore 
germination. Even if the isolation room is designed to be fully 
sealed, it is often advisable for the building operators and owners 
to ensure that open-able windows must be fully closed to prevent 
moisture ingress.  
7.3 Contributions of Research 
Relating to the aims of this research, a number of contributions of this 
research is discussed. Firstly, the presence of a Pareto front in the 
objective function search space suggests that a trade-off exists between 
minimising energy use and minimising risk of mould growth. Pareto 
optimal solutions act as the base to assist decision making with regards 
to designing isolation rooms. The model-based optimisation serves as a 
decision making tool that provides opportunity for designers and building 
owners to prioritise the design options; either opting for energy efficient 
system with a compromise on small magnitude of risk of mould growth, 
or making indoor air quality top priority while at the same time incurring 
high energy cost in meeting that priority. 
Secondly, the research has shown that the normal design conditions of 
24°C and 50% RH used in isolation room design for hot and humid 
climate incurred high energy cost for the HVAC system and failed to 
maintain control on the zone conditions which leads to the likelihood of 
mould growth on wall surfaces. The absence of heat recovery in the 
HVAC system exacerbated the problem. The optimisation results showed 
that less energy use and lower mould growth risk could be achieved if 
the design conditions are higher; in this case at 28°C room temperature 
and between 60 and 65% RH set-point where the HVAC system 
maintains zero set-point error. Therefore, a new design guideline for 
isolation room HVAC in hot and humid climate is recommended that 
takes into account the energy recovery mechanism such as regenerative 
device for indoor air drying.  
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The third contribution is the interfacing between three main components 
that form the model-based optimisation to determine the trade-off 
between the two design goals, namely (i) the whole building performance 
simulation program (EnergyPlus), (ii) the extended mould growth risk 
model, and (iii) the constrained multi-objective optimisation using NSGA-
II as the search method. The whole building simulation program gives 
sufficient accuracy with shortened computing time. The mould growth 
model was modified so that the surface parameters were used to analyse 
the data from the EnergyPlus simulation output file for mould growth risk. 
The constrained multi-objective optimisation using NSGA-II generated a 
number of optimum solutions with reduced searching time since the 
genetic algorithm is suitable for parallel computing. Thus, a simple 
decision-making framework for design that comprises simulation, 
optimisation and mould growth modelling is recommended. 
The originality of the research was in the application of optimisation 
methods to investigate that relationship and the new knowledge was 
focused on the required modelling or analysis of components together 
with the trade-off between energy use and mould growth. The approach 
serves as decision making tool for the design of energy-efficient buildings 
in hot-humid climates, particularly specialized units requiring continuous 
operation. 
7.4 Limitations and Recommendation for Further Research 
This section lists down a number of limitations not covered in the 
research and offers recommendations for future work. 
7.4.1 Mould Growth Model 
The extended mould growth model is deterministic in nature, in 
which no uncertainty element was included, such as risk of any 
condensation that is taking place in the corners of the internal 
walls, or thermal bridges. The considerable magnitude of mould 
risk below the threshold curve does not indicate the amount of 
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time needed for the mould to grow, even though the conditions 
below LIM denote the absence of biological growth. 
It is also recommended in the future study that the robustness of 
the developed mould growth model is ensured through validation. 
7.4.2 HVAC Design and Control Strategy 
The HVAC topology used in this research was an all-air system, 
specifically DX type with re-heat and the latent heat recovery 
incorporated. The all-water system, such as the chilled water 
system (CHWS) was not considered. Therefore the extent to 
which the CHWS system incorporated with heat recovery system 
is able to maintain control on the indoor conditions is not known. 
The consideration of the all-water system is recommended in the 
future work. 
The reliability of the HVAC system was analysed using the 
daytime bias set-point. Due to the constraint of time, the night-time 
bias set-point was excluded. It is suggested that this parameter is 
included in the future study to further investigate the ability of the 
system to maintain control on the room RH set-point during night-
time operation. 
The air distribution and the velocity of the supply air across the 
surface of the isolation room walls are not considered in this 
research and need to be addressed with regards to their impact 
on the movement of mould spores and the settling of the spores 
inside the room. The use of computational fluid dynamics (CFD) is 
recommended in addressing the issues. 
To address the issue of infection risk in the isolation room as a 
result of application of energy recovery mechanism, it is 
recommended in the future practice to employ a regenerative 
device in the DX-type HVAC as a means for internal air drying. 
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7.4.3 Interaction with Other Areas 
The research was limited to a single zone area and one of the 
walls was shared with a naturally-ventilated ward. However the 
ward was not of interest at this point; only indoor surfaces were 
under analysis while outdoor surfaces were not included. Thus, no 
surface analyses were conducted for the outer walls, even though 
the assumptions were made that the walls are external. Multi-zone 
areas to be recommended to evaluate the difference are rooms 
that are naturally ventilated, such as ward, or intermittently 
conditioned, such as 8-hour air-conditioned room, which are 
connected to the isolation room that may have different indoor 
conditions. A more accurate lay-out is also preferable. 
Relationship with the other rooms, such as ante-room, designed to 
act as barrier between isolation room and other areas next to the 
isolation suite was not looked into in this research. 
7.4.4 Building Construction  
A flat roof was used for the modelling and the construction details 
followed real world example. However, due to limited time, the 
pitch roof construction is not taken into consideration and it is 
therefore recommended for inclusion in future research. 
The ingress of outside air due to cracks in building structure was 
represented as infiltration made constantly present. However, the 
calculation of infiltration rate was based on air change method, 
which was an estimate for design purpose, so as to indicate its 
impact on room indoor conditions.  
7.4.5 Thermal Comfort and Contamination Removal 
Effectiveness 
The occupants in tropical countries give different responses to the 
changes in room indoor conditions compared to people in 
temperate countries. It has become a subject of a number of 
researches in relation to thermal comfort and user behaviour in 
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buildings. The occupants in tropical climate can respond to higher 
room temperature range than that recommended by ASHRAE and 
CIBSE Guide.  
The research investigates the trade-off between energy use and 
risk of mould growth and the results suggest higher optimum 
temperature set-points. For the sake of comparison, a comfort 
temperature range for hospital buildings proposed by Yau and 
Chew (2009) was between 25.2 and 28.3°C. Even though the 
results do agree with the proposed range, how the trade-off 
directly affects the thermal comfort of isolation room occupants 
and the effectiveness of the HVAC system to remove 
contaminants from the system is a subject for further investigation. 
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